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ABSTRACT 
 
Hewlett, Alicia Christine (M.S., Geology [Department of Geological Sciences]) 
Fluvial architecture and static connectivity of the Williams Fork Formation, central 
Mamm Creek Field, Piceance Basin, Colorado. 
 
Thesis directed by Associate Professor Matthew J. Pranter 
 
The reservoir architecture, reservoir quality, and associated sandstone-body 
connectivity of the Williams Fork Formation at Mamm Creek Field vary stratigraphically 
and with depositional setting. The fluvial and shallow-marine sandstones were 
deposited within alluvial-plain, coastal-plain, and shallow-marine settings. The 
stratigraphic interval consists of porous but low permeability (tight-gas) sandstones that 
form the main gas-producing reservoirs in the Piceance Basin. 
 
Fluvial sandstones that are observed and interpreted in the Williams Fork 
Formation at Mamm Creek Field primarily include single-story channel bodies (e.g., 
channel bars; point bars) and crevasse splays. These deposits can be isolated bodies 
but also form amalgamated multistory channel bodies and channel complexes.  
Stratigraphic analysis of the fluvial deposits shows a relatively low, but variable, net-to-
gross ratio (30-76%) for the lower Williams Fork Formation with numerous laterally 
continuous coal beds. The middle Williams Fork Formation exhibits a relatively higher 
net-to-gross ratio (50-80%), and the net-to-gross ratio of the upper Williams Fork 
 iv 
Formation ranges from 15 to 60%. Horizontal variogram correlation lengths of the 
sandstones are relatively short (<800 ft; 244 m) with respect to the distances between 
wells (330 ft [100 m] in north-south direction, and 1,320 ft [402 m] in east-west direction) 
and do not vary significantly stratigraphically. Variogram polar plots of the sandstones 
and effective porosity values indicate preferential trends of continuity in the north-
northeast to south-southwest direction. 
 
Three-dimensional reservoir models are used to explore how the fluvial 
sandstone bodies, effective porosity, and pay are distributed and interconnected. Static 
sandstone-body connectivity is greater than 52% for irregular 10-ac [660 ft; 201 m] well 
densities and decreases by as much as 25% with lower well densities (i.e., 40- and 160-
ac). The middle Williams Fork Formation exhibits static connectivity values that are as 
much as 15% higher as compared to the lower Williams Fork Formation. Considering 
only reservoir-quality sandstones and calculated pay, results illustrate a decrease in 
static connectivity by as much as 57 to 74%, respectively, as compared to scenarios 
that include all sandstones. The static sandstone-body connectivity results provide a 
high estimate of connectivity, whereas the pay-based results provide a “base-case” or 
lower estimate of connectivity. 
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 CHAPTER ONE 
INTRODUCTION AND BACKGROUND 
 
INTRODUCTION AND OBJECTIVES  
The Williams Fork Formation in the Piceance Basin of northwestern Colorado 
contains numerous natural-gas reservoirs, which produce from low-porosity and low-
permeability sandstones (tight-gas sandstones). These reservoirs are part of a major 
basin-center gas accumulation (Figure 1) (Johnson, 1989; Lorenz, 1989; Law, 2002; 
Cumella and Ostby, 2003; Cole and Cumella, 2003, 2005; Johnson and Roberts, 2003; 
Cumella et al., 2005; Pranter et al., 2007, 2008, 2009). The Williams Fork Formation 
sandstone reservoirs represent meandering- and braided-river deposits that formed 
within coastal- and alluvial-plain depositional settings during the Late Cretaceous 
(Campanian) (Johnson, 1989; Hettinger and Kirschbaum, 2002, 2003; Cumella and 
Ostby, 2003; Cole and Cumella, 2003, 2005). Because the deposits of the Williams Fork 
Formation are stratigraphically complex at various scales, it is difficult to correlate the 
deposits even with dense well control. In addition, porosity and permeability values are 
low (6-14%, 0.1-2 microdarcies, respectively) and sandstone reservoirs are internally 
heterogeneous.  
Extensive research on the Williams Fork Formation has emerged in the past two 
decades to evaluate and estimate the spatial distribution and connectivity of the fluvial 
sandstone reservoirs in both outcrop and subsurface (Lorenz, 2003; Ellison, 2004; 
German, 2006; Sommer, 2006; Pranter et al., 2007, 2008, 2009; Vargas, 2007; Cumella 
and Scheevel, 2008; Yurewicz et al., 2008; Binford, 2009). Multiple modeling methods 
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 and various connectivity studies of fluvial sandstone reservoirs have been conducted in 
order to address these issues. The research efforts have impacted drilling and 
production techniques of the Williams Fork Formation, where well densities have been 
reduced from 20 to 10 ac (933 to 600 ft, 284 to 201 m, respectively), and wells are 
preferentially aligned in the direction of maximum horizontal in-situ stress (commonly 
with irregular 10-ac [660 ft; 201 m] patterns) to minimize production interference and to 
maximize natural-gas recovery (Lorenz, 2003; Cumella and Scheevel, 2008). Therefore, 
it is important to understand and account for these variabilities when mapping and 
modeling the fluvial sandstone reservoirs. 
This study addresses the reservoir-scale stratigraphic architecture, distribution 
and static connectivity of fluvial and shallow marine sandstones of the Williams Fork 
Formation in central Mamm Creek Field. Mamm Creek Field is located in the 
southeastern portion of the Piceance Basin, south of the towns of Rifle and Silt, in 
northwest Colorado (Figures 1 and 2). Outcrops of the Williams Fork Formation 
(Mesaverde Group) are well exposed on the southwestern rim of the basin and have 
been the subject of numerous studies to capture lithological, petrophysical, and 
dimensional statistics of fluvial sandstone bodies. The study area covers 2 mi2 (5.2 km2) 
in central Mamm Creek Field (Figures 2 and 3) and was chosen because of the 
abundant and highly concentrated (irregular 10-ac spacing; distances between wells 
average 330 ft [100 m] north-to-south and 1,320 ft [402 m] west-to-east) subsurface 
data, which includes well logs, core, and a 3-D seismic survey (Figure 2). Ninety-one 
wells, located in sections 20 and 21 in Township 6S and Range 92W, are present in the 
study area (Figure 3). Well logs include normalized gamma ray, normalized neutron 
3
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 porosity, normalized density porosity, effective porosity, and resistivity. Total vertical 
depth of well logs ranges from 7,330 ft to 8550 ft (2,234 to 2,608 m) throughout the 
study area.  
The studied stratigraphic interval extends from to the top of the Rollins 
Sandstone Member of the Iles Formation up through to a stratigraphically correlatable 
horizon approximately 80-600 ft (24-183 m) above the top of continuous gas in the 
Mesaverde continuous gas system. The thickness of the interval varies from about 
2,160 to 2,230 ft (658 to 679 m) and includes the lower, middle, and upper units of the 
Williams Fork Formation (Figure 4). Significant fluvial deposits (architectural elements) 
that are interpreted and analyzed are channel bars, point bars, crevasse splays, and 
floodplain mudstones. The more general term, channel bar, is used if the specific type 
of channel deposit cannot be determined. The more specific term, point bar, is used if 
this type of channel deposit can be determined or reasonably interpreted. Specific 
criteria that are used to interpret the architectural elements will be discussed. From the 
detailed stratigraphic framework, spatial variability is assessed through variography and 
multiple modeling methods.  
Because of the limited data and outcrop exposures of the middle and upper 
Williams Fork Formation, a majority of research has focused on the lower two-thirds 
(based on thickness) of the Williams Fork Formation in various portions of the Piceance 
Basin; however, attempts have been made to characterize middle and upper Williams 
Fork Formation deposits in select localities throughout the basin. Research by Collins 
(1976, 1977), Johnson (1989), Lorenz (1989), Tyler and McMurry (1995), Hettinger and 
Kirschbaum (2002, 2003), Cumella and Ostby (2003), Cole and Cumella (2003, 2005), 
6
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 Johnson and Roberts (2003), Patterson et al. (2003), Ellison (2004), Vargas (2004), 
Cumella et al. (2005), German (2006), Pranter et al. (2007, 2008, 2009), Sommer 
(2007), Cumella and Scheevel (2008), Yurewicz et al. (2008), and Binford (2009) are 
some of the most recent studies of fluvial sandstone deposits of the Williams Fork 
Formation in the Piceance Basin. These particular studies focus on the identification 
and interpretation of outcrop dimensional data and other reservoir characteristics and 
statistics that can be used as input parameters for 2-D and 3-D lithology and 
architectural-element models.  
Detailed sedimentology and stratigraphy studies of the Williams Fork Formation 
have been conducted by Collins (1976, 1977), Lorenz (1989), Tyler and McMurry 
(1995), Hettinger and Kirschbaum (2002, 2003), Patterson et al. (2003), and Cole and 
Cumella (2005) from outcrop and core. Research by Lorenz (1989) focused on the 
sedimentology of the Mesaverde Group taken from core at the Multiwell Experiment site 
in the south-central Piceance Basin (Rulison Field). Detailed reservoir characterization 
conducted from core and nearby outcrops of fluvial sandstone bodies in the overlying 
fluvial environment in the Mesaverde Group identified marine-influenced sandstone 
reservoirs and associated reservoir dimensions, morphology, trends, and internal 
characteristics. Tyler and McMurry (1995) conducted a regional stratigraphic study of 
the Williams Fork Formation in the southeastern Piceance Basin. This study focused on 
subdividing the lower Williams Fork Formation based on genetic depositional 
sequences (strata deposited at relatively the same time) and depositional environments 
into the Bowie Shale Member and Paonia Shale Member, with multiple, stratigraphically 
correlatable coal zones within. Tyler and McMurry (1995) also determined that the 
8
 southeastern portion of the basin has an abundance of coal and a greater amount of 
marine-influenced sandstone due to proximity to paleoshorelines during the Late 
Cretaceous. Collins (1976, 1977) conducted a detailed investigation and sequence-
stratigraphic interpretation of the middle and upper marine sandstones in the lower 
Williams Fork Formation at outcrop exposures along the eastern margin of the basin. 
Hettinger and Kirschbaum (2002, 2003) interpreted the regional sequence stratigraphy 
of the Upper Cretaceous strata, including the Mesaverde Group in the southern 
Piceance and Uinta Basins of Colorado and Utah, respectively, to determine the 
depositional history of the Mesaverde Group. Patterson et al. (2003) studied the 
sequence stratigraphy and biostratigraphy of the Mesaverde Group and Ohio Creek 
Conglomerate in the northern Piceance Basin from outcrops at Rifle Gap in order to 
characterize and improve the prediction of sandstone reservoirs throughout the basin. 
The nomenclature from Collins (1976, 1977), Tyler and McMurry (1995), and Hettinger 
and Kirschbaum is utilized, herein.  
Investigations of the Mesaverde Group petroleum system in the Piceance Basin 
were conducted by Johnson (1989), Cumella and Ostby (2003), Johnson and Roberts 
(2003), Cumella et al. (2005), Cumella and Scheevel (2008), and Yurewicz et al. (2008). 
Research by Johnson (1989) resulted in understanding the Mesaverde Group reservoir 
potential from stratigraphic interpretations, regional diagenesis, and tectonic research to 
determine the preferential accumulation of gas within low-porosity and low-permeability 
sandstone reservoirs. Cumella and Ostby (2003), Cumella et al. (2005), and Cumella 
and Scheevel (2008) conducted similar stratigraphic and structural studies from outcrop 
and subsurface data to determine that Williams Fork Formation reservoirs produce from 
9
 highly lenticular, tight sandstones. Cumella and Ostby (2003), Cumella et al. (2005), 
and Cumella and Scheevel (2008) also concluded that natural fractures are the primary 
control of well productivity and wells will have more productivity at well densities of 20 
ac or greater (1,320 ft [402 m]). Johnson and Roberts (2003) and Yurewicz et al (2008) 
conducted research to identify hydrocarbon distribution and quality of the Mesaverde 
Group through reservoir characterization, petroleum systems analysis, and basin 
modeling. This research determined that natural gas accumulates in low-permeability 
and low-porosity fluvial sandstones, and are sourced by carbonaceous mudrock and 
coals in the Cameo-Wheeler coal zone. Natural fractures were also identified as the 
main conduits for hydrocarbon migration for the Mesaverde Group reservoirs. 
Studies of fluvial sandstone-body architecture and distribution within the Williams 
Fork Formation were conducted in a series of studies by Cole and Cumella (2003, 
2005), Ellison (2004), Panjaitan (2006), Pranter et al. (2007), and Pranter et al. (2009). 
These studies focused on the characteristics and classification of observed sandstone-
body types, dimensional statistics (e.g., width, thickness, and width-to-thickness ratio), 
and paleocurrent data of lower Williams Fork Formation fluvial sandstone bodies at Coal 
Canyon. Ellison (2004) and Pranter et al. (2007) created 2-D and 3-D lithology models 
of a point-bar deposit at Coal Canyon to determine the intermediate-scale heterogeneity 
of these fluvial deposits. Lithology models were constrained to pseudo-wells generated 
from measured section data and extensive outcrop lithological data. Multiple dynamic 
fluid-flow simulations were conducted by Ellison (2004) and Pranter et al. (2007) on the 
outcrop-based models to evaluate the impact of intra-body lithologic and petrophysical 
variability on fluid-flow breakthrough times and sweep efficiency.  
10
 Cole and Cumella (2005), Panjaitan (2006), and Pranter et al. (2009) focused on 
the collection of outcrop dimensional statistics of lower Williams Fork Formation fluvial 
deposits and Sommer (2007) used these data to build 3-D object-based architectural-
element models that were constrained to pseudo-wells at variable densities, outcrop 
dimensional statistics, and net-to-gross ratios observed in outcrop. Static connectivity of 
modeled fluvial sandstone deposits was then calculated to evaluate the sensitivity of 
these parameters (well density, net-to-gross ratio, sandstone-body width) on static 
connectivity. Similar to Sommer (2007) and Pranter et al. (2009), Binford (2009) 
investigated a nearly three-dimensionally exposed lower Williams Fork Formation 
outcrop (Hoodoo Hill) in Coal Canyon. Measured sections conducted by Binford (2009) 
were used as pseudo-wells to model fluvial sandstone bodies present in this outcrop in 
object-based simulations in order to analyze 2-D and 3-D connectivity. Results of this 
study indicate a high degree of lithofacies complexity within architectural elements, 
where connectivity of sandstone bodies is directly related to the type of architectural 
element (i.e., large multistory channel fill increases connectivity) and dense well 
spacings (i.e., 5 and 10 ac; 330 and 660 ft [100 and 201 m], respectively). 
Middle and upper Williams Fork Formation studies that have been attempted to 
understand changes in reservoir architecture, depositional setting, and connectivity, 
include German (2006) and Pranter et al. (2008). Research by German (2006) 
integrated outcrop and subsurface analysis of middle-to-upper Williams Fork Formation 
fluvial sandstone deposits at Plateau Creek Canyon to create a database of sandstone-
body characteristics and architecture of cliff-forming, amalgamated sandstone bodies. 
German (2006) concluded that sandstone bodies at Plateau Creek Canyon are cyclic 
11
 and are the result of a low-sinuosity sand-dominated braided system, where 
amalgamation and high net-to-gross ratio intervals are potentially related to changes in 
tectonics and climate. 
In addition to the previous studies mentioned, Vargas (2004) and Pranter et al. 
(2008) conducted a structural and stratigraphic analysis of fluvial-sandstone reservoirs 
of the Williams Fork Formation at Rulison Field in the southeastern Piceance Basin. 
Multiple sequential-indicator (i.e., indicator-based) and object-based models constrained 
to well logs, seismic data, and outcrop dimensional statistics were used to evaluate 
sandstone reservoir distribution and connectivity changes in intervals with different net-
to-gross ratios. Vargas (2004) concluded that there is a positive relationship between 
sandstone-body connectivity and net-to-gross ratios, in which the higher net-to-gross 
ratios resulted in higher connectivity. Vargas (2004) also created isopach maps of 
significant stratigraphic intervals to determine relationships between structure and 
sedimentation of the Williams Fork Formation. Isopach maps of the Cameo-Wheeler 
coal zone (between the top Cameo-Wheeler and top Rollins) show anomalous 
thickness trends along the mapped faults, which is a possible reflection of 
sedimentation of the Williams Fork Formation during faulting. 
This study builds upon previous work done throughout the Piceance Basin, to 
develop a more complete understanding of how sandstone deposits in the southeastern 
Piceance Basin vary spatially in respect to fluvial architecture and static connectivity in a 
detailed study area. The four key research questions that are addressed through this 
study include: (1) what are the main sedimentary deposits (shallow marine, coastal 
plain, and alluvial plain) and how they are expressed in well logs?; (2) how do the 
12
 sedimentary deposits vary spatially?; (3) what is the spatial continuity of fluvial 
sandstones?; and (4) what is the static connectivity of the fluvial sandstone bodies?  
 To address these questions, a detailed stratigraphic interpretation is established 
based on key horizons, net-to-gross ratio, and interpreted depositional environments. 
Dimensional, lithological, and petrophysical characteristics of the sedimentary deposits 
of the Williams Fork Formation based on core are compared to well logs. Detailed 
lithology and architectural-element logs are generated to determine the spatial variability 
of the alluvial-plain, coastal-plain, and shallow-marine deposits of the Williams Fork 
Formation at central Mamm Creek Field. 
 Several approaches to determine sandstone variability and continuity of fluvial 
sandstone deposits are conducted using well logs, vertical proportion curves, and from 
variogram analysis. Stratigraphic variability of sandstone deposits is derived from well 
logs and vertical proportion curves, while the spatial continuity of the deposits is 
analyzed using horizontal variograms, vertical variograms, and variogram polar plots. 
These data, combined with outcrop-based dimensional statistics and seismic-derived 
volumes of sandstone probability are used to spatially constrain multiple three-
dimensional lithology and architectural-element models of the gas-producing interval of 
the Williams Fork Formation.  
 Static connectivity analyses are conducted using interpreted 2-D cross sections 
and 3-D reservoir models. Static connectivity measures that also incorporate 
petrophysical properties and pay criteria provide an approximation of how the deposits 
are connected to producing wells and a baseline connected volume for comparison to 
more detailed dynamic connectivity analyses (Hai-Zui Meng, personal communication). 
13
 Multiple scenarios of lithology, architectural element, and associated connectivity are 
performed and assessed to provide insight regarding fluvial reservoir distribution and 
connectivity throughout the gas-producing interval of the Williams Fork Formation.  
 
TECTONIC AND STRATIGRAPHIC SETTING 
 The Piceance Basin, located in northwestern Colorado, is an asymmetrical, 
northwest-to-southeast-trending, elongate foreland basin that is bounded by the Axial 
Arch on the north, the White River Uplift on the east, the Sawatch Uplift and Elk 
Mountains on the southeast, the Gunnison Uplift on the south, the Uncompahgre Uplift 
on the southwest, the Douglas Arch on the west, and the Uinta Mountain Uplift on the 
northwest (Tweto, 1977; Johnson, 1989) (Figure 1).  Gently dipping beds on the 
western flank of the basin increase gradually (1° to 20°) towards the basin axis to 
steeply west dipping and overturned beds at the Grand Hogback on the eastern flank 
(Johnson, 1989; Tyler and McMurry, 1995; Cole and Cumella, 2003). The Grand 
Hogback outcrops are the result of high-angle thrust faulting along the eastern margin 
associated with the White River Uplift (Johnson, 1989; Tyler and McMurry, 1995; Cole 
and Cumella, 2003) (Figure 5).  
This structural and sedimentary basin is the result of the Laramide orogenic 
event, which formed the basin from Late Cretaceous through Eocene (75-40 Ma) 
(Tweto, 1977; Cather and Chapin, 1983; Johnson, 1989). Prior to the Laramide 
orogeny, the Piceance Basin was part of a much larger Rocky Mountain foreland basin 
created during the Sevier orogeny. This large foreland basin extended from northern 
14
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 Canada through much of North America and the present-day Gulf of Mexico (Tweto, 
1977; Cather and Chapin, 1983; Johnson, 1989). 
The Upper Cretaceous (late Campanian) Mesaverde Group in the Piceance 
Basin is composed of the Iles and Williams Fork formations (Figures 4 and 6). The 
lower interval of the Mesaverde Group, the Iles Formation, includes three regressive 
sandstone cycles that are separated by tongues of the marine Mancos Shale. These 
regressive cycles are the Corcoran, Cozzette, and Rollins Sandstone members and 
were deposited in inner shelf, deltaic, shoreface, estuarine, and lower coastal plain 
settings (Johnson, 1989; Hettinger and Kirschbaum, 2002; Patterson et al., 2003; Cole 
and Cumella, 2003). 
Conformably overlying the Iles Formation is the Williams Fork Formation, which 
was first named by Holmes (1877) in the Four-Corners area of the San Juan Basin 
(Tyler and McMurry, 1995) and later recognized by Hancock (1925) based on 
exposures along the Williams Fork River in Moffat County, Colorado (Hettinger and 
Kirschbaum, 2002). The Williams Fork Formation includes interbedded sandstones, 
shales, and coals interpreted as shallow marine, lower coastal-plain, and alluvial-plain 
deposits in the southeastern portion of the Piceance Basin, including Mamm Creek 
Field (Johnson, 1989; Hettinger and Kirschbaum, 2002; Patterson et al., 2003; Cole and 
Cumella, 2003). Throughout the basin, the Williams Fork Formation ranges in thickness 
from about 1,500 to 5,500 ft (460 to 1680 m), with maximum thicknesses through its 
axis. Thinning towards the basin edge is due to regional erosion along an unconformity 
that separates the upper Williams Fork Formation from the overlying Paleocene 
(Tertiary) Ohio Creek Member or Conglomerate and Wasatch Formation (Patterson et 
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 al., 2003). Conversely, tectonic uplift and subsidence throughout the basin could have 
contributed to thinning of these sediments (Hettinger and Kirschbaum, 2002; Johnson 
and Roberts, 2003; Pranter et al., 2009). 
In the Mamm Creek Field study area, the Williams Fork Formation is informally 
divided into three stratigraphic intervals (lower, middle, and upper) that correspond to 
net-to-gross sandstone ratios and associated depositional settings (Cole and Cumella, 
2003; Pranter et al., 2007, 2009). The lower Williams Fork Formation (lower two-thirds, 
based on thickness) was deposited by anastomosing-to-sinuous meandering streams in 
shallow-marine and coastal-plain settings (Lorenz, 1989; Johnson, 1989; Cole and 
Cumella, 2003, 2005; Patterson et al., 2003; Pranter et al., 2007, 2009). The lower 
Williams Fork Formation has a lower net-to-gross ratio (~30-60% sandstone), where 
sandstone bodies are lenticular in geometry and moderately-to-highly discontinuous due 
to deposition and erosion by high-sinuosity meandering streams (Tyler and McMurry, 
1995; Hettinger and Kirschbaum, 2002; Cumella and Ostby, 2003; Pranter et al., 2009). 
The lower Williams Fork Formation in the southeastern portion of the Piceance Basin 
consists of the Bowie Shale Member and the Paonia Shale Member (Johnson, 1989; 
Tyler and McMurry, 1995; Hettinger and Kirschbaum, 2002). The Bowie Shale Member 
is about 600 to 1,000 ft (180 to 300 m) thick in the southeastern portion of the Piceance 
Basin and was deposited in coastal-plain to shallow-marine settings (Johnson, 1989; 
Tyler and McMurry, 1995; Hettinger and Kirschbaum, 2002). Marine sandstones and 
mudstones interfinger with coastal-plain deposits (fluvial sandstones, mudstones, and 
coal units) within the Bowie Shale Member (Johnson, 1989; Tyler and McMurry, 1995).  
The basal portion of the Bowie Shale Member of the lower Williams Fork Formation 
18
 consists of the Cameo-Wheeler coal zone, which overlies and intertongues with the 
underlying Rollins Sandstone Member of the Iles Formation. Laterally continuous and 
correlatable coal beds, deposited in freshwater peatbogs and mires, alternate with 
sandstones and carbonaceous shale within this coal zone (Collins, 1976, 1977; Cole 
and Cumella, 2003; Cumella and Ostby, 2003; Patterson et al, 2003). The Cameo-
Wheeler coal zone is generally less than 20 to 450 ft (6 to 140 m) thick regionally, and 
extends until its pinchout to the south at the West Elk Mountains (Johnson, 1989; Tyler 
and McMurry, 1995; Hettinger and Kirschbaum, 2002). In Mamm Creek Field, the 
Cameo-Wheeler coal zone thickens to about 50 ft (15 m).  
Overlying the Cameo-Wheeler coal zone is the Bowie Shale Member. Within the 
Bowie Shale Member, two coal zones, the South Canyon coal zone and the Coal Ridge 
coal zone, overlie two distinctive shallow-marine sandstones, the “middle sandstone” 
and “upper sandstone” (Collins, 1976, 1977; Johnson, 1989; Hettinger and Kirschbaum, 
2002), respectively.  The middle and upper sandstones were deposited during separate 
periods of subsidence in response to faulting of older sediments along a plane parallel 
to the paleocoastline of the Western Interior Seaway (Collins, 1976, 1977). Cessation of 
fluvial sedimentation resulted in marine transgression, and the deposition of these 
marine sandstones (Collins, 1976, 1977). The middle and upper marine sandstones of 
the Bowie Shale Member stratigraphically pinch out within (upper sandstone) and to the 
west of the study area (middle sandstone).  
The South Canyon coal zone, named by Ellis and others (1988) (Johnson, 1989; 
Tyler and McMurry, 1995; Hettinger and Kirschbaum, 2002), occurs in the middle of the 
Bowie Shale Member and overlies the middle sandstone. This coal zone contains well-
19
 developed coals, but coal beds are much less abundant than those in the Cameo-
Wheeler coal zone (Tyler and McMurry, 1995). The South Canyon coal zone pinches 
out about halfway through the Piceance Basin (approximately Rulison Field; Figures 1 
and 6; Tyler and McMurry, 1995; Carroll et al., 2004) to interfinger with alluvial- and 
coastal-plain strata of the lower Williams Fork Formation. 
The Coal Ridge coal zone overlies the upper sandstone of the Bowie Shale 
Member, and is the base of the Paonia Shale Member. This zone, also named by Ellis 
and others (1988), consists of marine mudrocks and sandstones and grades into 
nonmarine sandstones, mudstones, and coals (Lorenz, 1989; Johnson, 1989; Tyler and 
McMurry, 1995; Hettinger and Kirschbaum, 2002). Individual coal beds are very laterally 
discontinuous in the southeastern portion of the Piceance Basin and are as much as 5 ft 
(1.5 m) thick due to deposition in restricted swamps within a low-gradient coastal plain 
of low-sinuosity meandering streams (Lorenz, 1989; Tyler and McMurry, 1995). The 
Coal Ridge coal zone, similar to the South Canyon coal zone, pinches out into the lower 
Williams Fork Formation halfway across the Piceance Basin (Figures 1 and 6; Tyler and 
McMurry, 1995; Carroll et al., 2004) and averages 500 ft (152 m) in thickness. 
The Paonia Shale Member represents the top of the lower Williams Fork in the 
eastern Piceance Basin, and is overlain by the middle Williams Fork Formation. The 
base of the Paonia Shale Member is the Coal Ridge coal zone, and grades into alluvial- 
to coastal-plain fluvial deposits. In Mamm Creek Field, the Paonia Shale Member is 
about 800 ft (244 m) thick and is a low net-to-gross ratio (~30-60% sandstone), coal-
bearing interval (Lee, 1912; Collins, 1976; Hettinger and Kirschbaum, 2002). 
20
 The middle-to-upper Williams Fork Formation is generally undifferentiated and 
represents a transition to more sand-rich (~50-80% net-to-gross ratio) deposition within 
alluvial-plain settings (Johnson, 1989; Cole and Cumella, 2003, 2005; Patterson et al., 
2003). Changes in topographic gradient and depositional environment caused 
paleostreams to transition from high-sinuosity meandering streams (lower Williams Fork 
Formation) to low-sinuosity braided streams (middle-to-upper Williams Fork Formation) 
(Cole and Cumella, 2003, 2005; Patterson et al., 2003; German, 2006; Pranter et al., 
2009). Transitioning into the upper Williams Fork Formation, more continuous and 
lenticular or sheet-like sandstone bodies occur from deposition in braided river 
environments (Patterson et al., 2003; German, 2006; Pranter et al., 2009). A limited 
amount of outcrop and core-based research has been conducted in the middle-to-upper 
Williams Fork Formation intervals, and, therefore, there is a lesser understanding of the 
depositional environment and associated lithological and petrophysical properties in 
these intervals as compared to the lower Williams Fork Formation. 
Overlying the upper Williams Fork Formation is the Paleocene (Tertiary) Ohio 
Creek Member or Conglomerate. The Ohio Creek Conglomerate is the uppermost 
portion of the Mesaverde Group and is interpreted as being deposited during a relative 
sea-level lowstand within a braided-river system (Johnson, 1989; Johnson and Flores, 
2003; Hettinger and Kirschbaum, 2002; Patterson et al., 2003). Unconformably 
overlying the Ohio Creek Conglomerate are continuous sandstone deposits of the 
Paleocene through earliest Eocene Wasatch Formation that are fluvial in origin 
(Johnson, 1989; Tyler and McMurry, 1995).  
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 PALEOGEOGRAPHY 
 During the Cretaceous, deposition of sediments in western Colorado and eastern 
Utah were a result of numerous transgressive/regressive cycles in the Western Interior 
Seaway (Johnson, 1989; Hettinger and Kirschbaum, 2002). This epiric seaway 
extended from the Arctic Sea to the present Gulf of Mexico (Figure 7). The Piceance 
Basin, located on the western seaway margin, formed within the Rocky Mountain 
foreland basin of the Cretaceous Sevier orogenic belt. Sediments shed from the Sevier 
orogenic belt were transported eastward and deposited as fluvial systems within 
alluvial- and coastal-plain settings (Hettinger and Kirschbaum, 2002). Generally, 
Cretaceous rocks in the Piceance Basin are non-marine transitioning to alluvial-plain, 
coastal-plain and shallow-marine depositional environments towards the marine seaway 
to the east (Johnson, 1989). Throughout the Cretaceous, a generally north-south 
oriented shoreline dominantly prograded eastward and was punctuated by smaller scale 
transgressions. In the Piceance Basin area, shoreline orientation was northeast-
southwest during the deposition of Cozzette and Corcoran Sandstone members and 
then shifted to north-northeast to south-southeast during deposition of the Rollins 
Sandstone Member (Cole and Cumella, 2003; Hettinger and Kirschbaum, 2002; 
Koespsell et al., 2003). 
 
PETROLEUM SYSTEM 
 The Cretaceous petroleum system in the Piceance Basin resulted in the 
generation of natural gas hydrocarbons in low-porosity and low-permeability sandstone 
reservoirs. The hydrocarbon source is primarily coal deposits and associated organic-
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 rich mudstones and siltstones in the Cameo-Wheeler coal zone of the Upper 
Cretaceous Mesaverde Group (Johnson and Roberts, 2003). Coal deposits in this coal 
zone are 20 to 80 ft (6 to 24 m) thick across the basin (Johnson and Roberts, 2003). 
The overall petroleum system can be classified as a basin-centered gas system, which 
is defined as a regionally extensive hydrocarbon accumulation within low-porosity and 
low-permeability, gas-saturated reservoirs that are abnormally pressured, and lack a 
down-dip water contact (Law, 2002). The entire system encompasses about 20,000 mi2 
(52,000 km2) throughout the Piceance Basin, and ranges in thickness from 1,500 ft (460 
m) on the western margin at the Douglas Arch, to more than 10,000 ft (3,050 m) in the 
center of the basin (Johnson and Roberts, 2003). Reservoir rock consists of lenticular 
sandstone bodies deposited in meandering-to-braided streams. Due to a complicated 
tectonic and depositional history, sandstone porosities and permeabilities are very low, 
ranging from 6-14% and 0.1-2 microdarcies (respectively), and are defined as “tight 
sandstones” (Johnson and Roberts, 2003; Cumella and Ostby, 2003). Trapping and 
sealing of natural gas is due to capillary seal or water block and some structural 
trapping (Law, 2002; Johnson and Roberts, 2003). Gas generation in the Mesaverde 
gas system in the Piceance Basin commenced around 55 million years ago, with peak 
gas generation between 47 and 39 million years ago (Johnson and Roberts, 2003). Gas 
migration, dominantly vertical, from source rocks to sandstone reservoirs occurred 
along fractures that formed with increasing pressures during active gas generation 
(Johnson and Roberts, 2003). It is estimated that, as of 2006, the northern Piceance 
Basin contains 11.0 trillion ft3 recoverable gas (Kuuskraa, 2007), while the southern 
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 portion of the basin contains an estimated 31.5 trillion ft3 recoverable gas (Kuuskraa, 
2007).  
 
METHODS  
Stratigraphic and reservoir analysis of the Williams Fork Formation is conducted 
utilizing well logs, core, and 3-D seismic data in central Mamm Creek Field. 
Stratigraphic interpretation and evaluation of the gas-producing interval of the 
Mesaverde Group (lower, middle, and upper Williams Fork Formation) was conducted 
using well logs (e.g., normalized gamma-ray, normalized density-porosity, normalized 
neutron-porosity, and resistivity logs) from the 91 wells located in the developed, two-
section, 2 mi2 (5.2 km2) area in central Mamm Creek Field. Mapped stratigraphic 
surfaces within this interval include top of model, middle Williams Fork Formation, 
Paonia Shale Member, upper sandstone, Coal E, Coal D, Coal C, middle sandstone, 
Cameo-Wheeler coal zone (Coal B), Coal A, and Rollins Sandstone Member (Figure 4). 
The mapped stratigraphic surfaces subdivide intervals that exhibit different net-to-gross 
ratios (e.g., lower net-to-gross ratio Paonia Shale Member and higher net-to-gross ratio 
middle Williams Fork Formation), environments of deposition, and lithologies (e.g., 
alluvial- to coastal-plain fluvial units, coal beds, and shallow-marine middle and upper 
sandstone units). Mapped coal intervals (Coal A, B, C, D, and E) follow the 
nomenclature set by geologists at Bill Barrett Corporation.  
Well logs (e.g., normalized gamma ray, normalized density porosity, and 
normalized neutron porosity) are used to compute and interpret lithology logs and 
architectural-element logs, respectively, and to evaluate and show the stratigraphic 
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 variability in lithology and sandstone-body types. The term “sandstone body” is defined 
in this study as a volume of sandstone and interbedded mudrock that forms a 3-D body 
with discrete thickness and lateral extent. Architectural elements are defined as small 
macroform elements, which are characterized by grain size, bedform composition, 
internal sequence, and external geometry (Allen, 1983; Miall, 1985). Core-to-log 
analysis of lithological, petrophysical, and well-log cutoffs is conducted and evaluated 
using the Last Dance core (located 2.5 mi [4 km] from the model study area in central 
Mamm Creek Field; Figure 2) in order to establish criteria for calculated and interpreted 
lithology logs and architectural-element logs, respectively.  
For the producing stratigraphic interval, two lithology logs are computed: 1) the 
first lithology log identifies sandstone, mudrock, and coal intervals (referred to herein as 
the “basic”-lithology log and, 2) the second lithology log estimates clean sandstone, 
shaley sandstone, mudrock, and coal (referred to herein as the “refined”-lithology log). 
Using specific criteria (e.g., lithology, gamma-ray log signatures, petrophysical 
properties, outcrop-based sandstone-body thickness statistics), computed sandstone 
intervals on lithology logs are further subdivided (if appropriate) and interpreted as 
channel bars, point bars, or crevasse splays (architectural elements). Point bars and 
crevasse splays are interpreted in the lower Williams Fork Formation, and channel bars 
and crevasse splays are interpreted in the middle and upper Williams Fork Formation. 
The more general term channel bar is used for the middle and upper Williams Fork 
Formation because it is uncertain if the fluvial system is meandering or more braided in 
character in those intervals. Thus, the term point bar is not used for those intervals.  
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 The spatial continuity and trends of fluvial deposits is, then, estimated from 
lithology and architectural-element logs using vertical proportion curves, experimental 
variograms, and variogram polar plots. Vertical proportion curves for the stratigraphic 
interval of interest are derived from lithology logs and architectural-element logs and 
show stratigraphic changes in the proportion of lithologies and architectural elements, 
respectively. Well logs and vertical proportion curves are the main constraints for 3-D 
modeling of lithology and architectural elements.  
Experimental variograms are created and analyzed for all fluvial intervals (zones) 
to estimate distances and directions of spatial continuity of fluvial sandstones. Major 
horizontal ranges (the maximum correlation length in the horizontal direction [Deutsch 
and Journel, 1998]), minor horizontal ranges (the correlation length perpendicular to the 
major horizontal range and has a shorter distance [Deutsch and Journel, 1998]) and 
vertical ranges are estimated from experimental variograms of significant data at wells 
(e.g., sandstone lithologies, crevasse-splay, point-bar, and channel-bar architectural 
elements, and effective porosity within fluvial-sandstone deposits). Variogram polar 
plots are created for all fluvial zones and are interpreted to estimate the major and 
minor directions of continuity of the deposits and of their petrophysical properties. 
Utilizing calculated lithology logs and interpreted architectural-element logs at 
well locations, previously observed outcrop and conventional core data (e.g., 
sandstone-body dimensions, paleocurrent, and petrophysical data), and other spatial 
constraints, multiple 3-D modeling methods are used to estimate the distribution of the 
Williams Fork Formation sandstone-reservoir deposits. Outcrop observations used in 
this study are derived from previous studies of outcrop analogs of the lower Williams 
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 Fork Formation in Coal Canyon on the southwestern margin of the Piceance Basin 
(Cole and Cumella, 2005; Panjaitan, 2006; Pranter et al., 2009). 
Three 3-D stochastic methods are used to model and investigate the spatial 
distributions and variability of sandstone bodies within the Williams Fork Formation at 
central Mamm Creek Field; sequential-indicator simulation (herein referred to as 
“indicator-based” for brevity), object-based, and sequential-Gaussian simulations. 
Results of variogram analysis are used in indicator-based and sequential-Gaussian 
simulations of lithology and porosity, respectively. The variograms are used to estimate 
the spatial continuity of the deposits and the variogram parameters are then used as 
modeling inputs to constrain the 3-D distribution of the deposits. Dimensional data from 
outcrop studies of the Williams Fork Formation are used in conjunction with interpreted 
well logs to constrain 3-D object-based architectural-element reservoir models. The 
dataset includes apparent width, thickness, and paleocurrent data for 395 lower 
Williams Fork Formation sandstone bodies from outcrops in Coal Canyon (Pranter et 
al., 2009). A 3-D seismic-derived volume of thick sandstone probability is used as a 3-D 
constraint in lithology modeling (Reinaldo Michelena, personal communication). Also, 
vertical proportion curves are used to evaluate and control the stratigraphic variability of 
lithology (basic and refined) and architectural elements. These analyses, statistical data, 
and constraints are used to condition 3-D lithology, architectural-element, and 
petrophysical models.  
Utilizing the 3-D reservoir models (N = 16; lithology, architectural-element and 
effective-porosity models), changes in lateral and aerial distribution and the static 
connectivity of fluvial sandstone bodies and pay of the Williams Fork Formation are 
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 analyzed qualitatively and quantitatively. Connectivity analysis of sandstone bodies and 
pay, through multiple 2-D and 3-D methods and scenarios, demonstrates the varying 
degrees of heterogeneity of fluvial sandstone deposits and reservoirs of the Williams 
Fork Formation in central Mamm Creek Field. Manual interpretation of channel-fill 
deposits (i.e., channel bars and point bars) in cross sections with closely spaced wells 
represent a qualitative evaluation of static connectivity of fluvial sandstone deposits 
using the middle Williams Fork Formation and Paonia Shale Member of the lower 
Williams Fork Formation as example zones for the analyses. Interpreted cross sections 
are, then, compared to connected sandstone bodies and pay based on in various 3-D 
reservoir models.  
 Three-dimensional static connectivity analysis is performed to determine how 
and to what degree sandstone reservoirs of the Williams Fork Formation at central 
Mamm Creek Field are in communication with one another at irregular 10-ac (330 ft x 
1,320 ft, 100 m x 402 m), 40-ac (1,320 ft, 402 m), and 160-ac (2,640 ft, 805 m) well 
densities for various scenarios. Static connectivity (%) is defined in this study as the 
total volume of sandstone or pay connected to wells directly or indirectly (i.e., through 
amalgamation) divided by the total volume of sandstone present in a given lithology or 
architectural-element model (Larue and Hovadik, 2006; Sommer, 2007; Pranter et al., 
2009). Three-dimensional model volumes are calculated for static connectivity for three 
scenarios: (1) for all sandstone bodies, (2) for “reservoir quality” sandstones, and (3) for 
calculated pay.  
For Williams Fork Formation fluvial deposits, there are limited quantitative data 
that can be used to laterally constrain the distribution of the deposits in 3-D reservoir 
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 models between existing wells. To provide an additional constraint on the lateral 
distribution of deposits between wells, a measurement to analyze, estimate, and map 
the distribution of amalgamated channel sandstones is developed. This estimation is 
termed “channel cluster index,” and the value is calculated at each well and then 
contoured by zone to create maps that show concentrations of amalgamated 
sandstones that are used as probability constraints for 3-D lithology and architectural-
element modeling. Channel cluster indexes are calculated for channel-fill sandstone 
deposits of the middle Williams Fork Formation and Paonia Shale Member of the lower 
Williams Fork Formation and are contoured to show the probability of occurrence of 
amalgamated fluvial channel-fill deposits for each zone. 
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 CHAPTER TWO 
  STRATIGRAPHIC ANALYSIS 
 
KEY STRATIGRAPHIC INTERVALS 
To determine the stratigraphic framework of the Williams Fork Formation within 
the 2 mi2 (5.2 km2) study area in central Mamm Creek Field, significant stratigraphic 
intervals are correlated within the study area. Stratigraphic units are correlated using 91 
wells within the study area. All well logs used in this study are normalized. Available well 
logs include gamma ray, deep resistivity, neutron porosity, density porosity, coal flags, 
and effective porosity (Appendix A). The total footage of well logs in all wells within the 
study area varies from 7,330 ft to 8,550 ft (2,234 to 2,608 m).  
Stratigraphic horizon tops (elevations of key stratigraphic zones identified in each 
well) from the top of the Rollins Sandstone Member of the Iles Formation to a 
stratigraphically correlatable horizon above the top of continuous gas (80-600 ft; 24-183 
m above the top of continuous gas) are correlated throughout sections 20 and 21 of 
T6S, R92W. The top of continuous gas is not a stratigraphic marker and is interpreted 
as the top of the interval in a well that is saturated with some percentage of gas. Above 
the top of continuous gas, various stratigraphic zones are 100% saturated with water. 
The top of continuous gas varies from well to well.  Mapped stratigraphic surfaces 
define the stratigraphic framework of the Williams Fork Formation and the 3-D 
framework. The key stratigraphic surfaces include (in stratigraphic order from base to 
top) the Rollins Sandstone Member, Coal A, Cameo-Wheeler coal zone (Coal B), 
middle sandstone, Coal C, Coal D, Coal E, upper sandstone, Paonia Shale Member, 
31
 middle Williams Fork Formation, top continuous gas interval, base Ohio Creek 
Conglomerate, and top Mesaverde Group (Appendix B).  
The Cameo-Wheeler coal zone averages 144 ft (43.9 m) in thickness throughout 
the model area, with incorporated Coals A and B being approximately 48 ft (15 m) and 
27 ft (8.2 m) thick, respectively. The Cameo-Wheeler coal zone has a low net-to-gross 
ratio of approximately 35%. Marginal-marine intervals of the middle and upper 
sandstone have net-to-gross ratios of 75% and 65%, respectively. Average thickness of 
the middle sandstone is 145 ft (44.2 m) throughout the model area. The upper 
sandstone pinches out about 2,000 ft (610 m) west of the model area eastern boundary, 
and has a maximum thickness of 136 ft (41.5 m) along the eastern boundary of the 
model. Between the upper and middle sandstone is the South Canyon coal zone of the 
Bowie Shale Member, which includes Coals C, D, and E. The Bowie Shale Member 
averages 232 ft (70.7 m) thick and has about a 40% net-to-gross ratio. Coals C, D, and 
E average thickness values are 43 ft, 11 ft, and 4.5 ft (13 m, 3.4 m, and 1.4 m), 
respectively. The Paonia Shale Member forms the uppermost stratigraphic interval of 
the lower Williams Fork Formation and has a net-to-gross ratio that ranges between 30-
75%, and averages 757 ft (231 m) throughout the study model area. The middle 
Williams Fork Formation has an average thickness of 300 ft (91.4 m) and a net-to-gross 
ratio of 50-80%. Above the middle Williams Fork Formation to the base Ohio Creek 
Conglomerate is the upper Williams Fork Formation. This interval has variable net-to-
gross ratios between 15 and 60% and is approximately 1,200 ft (366 m) thick. The Ohio 
Creek Conglomerate represents the top of the Mesaverde Group and averages 569 ft 
(173 m) thick, with about a 60% net-to-gross ratio. 
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 FLUVIAL DEPOSITS, STATISTICS, AND CORE-TO-LOG CALIBRATION 
Well-log responses of fluvial sandstones are qualitatively calibrated to outcrop 
statistics, conventional whole core, and core-plug data so that the well-log data, in non-
cored wells, could be used to calculate lithology and interpret fluvial architectural 
elements. Fluvial sandstone-body characteristics and dimensional statistics for lower 
Williams Fork Formation sandstone bodies evaluated in Coal Canyon (Cole and 
Cumella, 2005; Panjaitan, 2006; Sommer, 2007; Pranter et al., 2009; Figures 8, 9, 10, 
and 11; Table 1; Appendix C) and the Last Dance core (Appendix D) are utilized to 
determine well-log cutoffs and log signatures of fluvial sandstone deposits of the 
Williams Fork Formation.  
Outcrop-based statistical data of fluvial deposits for the lower Williams Fork 
Formation have been observed and evaluated by Cole and Cumella (2005), Panjaitan 
(2006), Sommer (2007), and Pranter et al. (2009). These studies describe the 
sandstone-body type, dimensions, stratigraphic architecture, and inferred connectivity of 
the lower Williams Fork Formation based on data from Coal Canyon (western margin of 
the Piceance Basin, near Palisade) (Figure 1). Sandstone bodies observed in outcrop 
were mapped in the field by recording GPS waypoints and using a Jacob’s staff and 
tape measure. In addition, sandstone bodies were measured using a combination of 
aerial LiDAR (Light Detection and Ranging), digital orthophotos, and ground-based 
photomosaics (Pranter et al., 2009; Figure 9). Observed and interpreted sandstone-
body types for the lower Williams Fork Formation include (1) crevasse splays, (2) 
single-story (“story or storey” of Friend et al., 1979) channel bodies, (3) multistory 
channel bodies (sensu Gibling, 2006; used to describe bodies with several stories, 
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 however disposed), and (4) larger, amalgamated channel complexes (Cole and 
Cumella, 2005; Pranter et al., 2009) (Figure 8). Crevasse-splay deposits (Figure 8A) are 
broadly lenticular in cross-sectional view, very fine- to fine-grained, and ripple-laminated 
to cross-stratified (Cole and Cumella, 2005). Single-story channel sandstone bodies are 
interpreted as a single, sharp-based, fining-upward sandstone body, while a multistory 
channel body is composed of vertically or laterally stacked single-story channel bodies, 
separated by scour surfaces and lag deposits. Single-story channel bodies (Figure 8B), 
commonly isolated point-bar deposits (Ellison, 2004; Cole and Cumella, 2005; Pranter 
et al., 2007, 2009), are fine- to medium-grained, cross-stratified to ripple-laminated, and 
commonly have mudchip lags at their bases and lateral-accretion bedding (Pranter et 
al., 2009). The outcrop database consists of 668 sandstone bodies of the lower Williams 
Fork Formation, of which, 265 (42%) are crevasse splays, 116 (18%) are single-story 
channel bodies, and 225 (40%) are multistory channel bodies (Pranter et al., 2009). 
Table 1 provides a statistical summary of lower Williams Fork Formation sandstone-
body types and dimensions used in this study.   
For this study, crevasse splays and single-story channel bodies of the lower 
Williams Fork Formation at Coal Canyon are used as sandstone-body outcrop analogs 
for the interpretation and analysis of architectural elements at central Mamm Creek 
Field. The outcrop-based values of sandstone-body thickness of the deposits from Coal 
Canyon are used to constrain and verify sandstone-body thickness values of the 
interpreted architectural-element logs (Figures 8, 9, 10, and 11, Table 1; Appendix C). 
Single-story channel body outcrop-based statistics are used to constrain dimensional 
parameters for point bars of the lower Williams Fork Formation and channel bars of the 
39
 middle and upper Williams Fork Formation (Figures 8, 9, 10, and 11; Table 1; Appendix 
C). Although depositional changes occur from the lower Williams Fork Formation to the 
middle and upper Williams Fork Formation (i.e., net-to-gross ratio), thicknesses of 
individual (single story) fluvial sandstone bodies are assumed to be the same as for the 
lower Williams Fork Formation. This assumption is made due to the limited sandstone-
body statistical data that currently exists for the more cliff-forming exposures of the 
middle and upper Williams Fork Formation.  
The Last Dance core, located 2.5 mi (4 km) from the model study area in central 
Mamm Creek Field, is utilized for core to well-log analysis (Figure 2; Appendix D). 
Available data associated with this core are well logs (e.g., normalized gamma ray, 
normalized neutron porosity, and normalized density porosity), detailed interpretations 
of lithology and architectural elements, and permeability measurements from core 
plugs. Utilizing these data, well-log cutoffs and log signature trenda were established 
and used as criteria for calculation and interpretation of lithology and architectural-
element logs (logs of single-story channel bodies [point bars and channel bars], 
crevasse splays, coal and floodplain). 
 
Methods 
Calculated Lithology Logs  
Two lithology logs for each well are calculated using gamma-ray and density-
porosity cutoffs to demonstrate differing levels of details in sandstone classification. The 
first and most basic of the two lithology logs differentiates between mudrock, sandstone, 
and coal. In this study, this lithology log is called the “basic-lithology log” (Figure 12). 
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 The criteria for sandstone is calculated using a gamma-ray cutoff of less than 96 API 
units, mudrock as having greater than or equal to 96 gamma-ray API units, and coal as 
exhibiting less than 96 gamma-ray API units and greater than 0.25 density-porosity 
units. Cutoff values are based on comparison to the Last Dance core (Figure 12; 
Appendix D). Comparison of calculated coal intervals in lithology logs against coal flags 
is performed for quality control. Coal flags identify the presence of coal intervals based 
upon well-log cutoff criteria. This criterion establishes that coal is present when 
normalized gamma-ray log signatures are less than 96 API units, and the normalized 
density-porosity log is less than 0.25.  
The second of the two lithology logs distinguishes between clean sandstone, 
shaley sandstone, mudrock, and coal and is called “refined-lithology log” in this study 
(Figure 13). Refined-lithology logs provide a more detailed interpretation of sandstone 
lithologies to differentiate between clean sandstones versus shaley sandstones. Clean 
sandstones correspond to a gamma-ray cutoff of less than or equal to 70 API units, and 
shaley sandstones exhibit gamma-ray log values between 70 and 96 API units. Well-log 
cutoffs for mudrock and coal are the same as those used for the basic-lithology logs. 
Refined-lithology log cutoffs are determined through comparison to the Last Dance core 
(Figure 13; Appendix D). 
 
Interpreted Architectural-Element Logs  
In order to evaluate the stratigraphic variability of fluvial deposits, architectural-
element logs are interpreted from the calculated lithology logs. Architectural elements 
are defined in this study as small macroform elements, which are characterized by grain 
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 size, bedform composition, internal sequence of sedimentary bedforms, and external 
geometry (Allen, 1983; Miall, 1985; Drinkwater and Pickering, 2001). Fluvial 
architectural elements interpreted in this study are channel bars, point bars, and 
crevasse splays. Floodplain and coal are also differentiated, and marine sandstone and 
shale are differentiated within the middle and upper sandstones.  
Architectural-element logs are interpreted for sandstone lithologies using the 
basic- and refined-lithology logs through a series of criteria determined from 
conventional core interpretations and outcrop observations of fluvial sandstones (e.g., 
thickness criteria). Mudrock and coal from calculated lithology logs are interpreted as 
floodplain and coal in architectural-element logs, respectively. Channel bars, point bars, 
and crevasse splays in architectural-element logs are interpreted using baselines (log 
cutoffs), inferred fining- or coarsening-upward trends based on gamma-ray log 
signatures, well-log shapes (“bell” or “funnel”), and abrupt log-curve shifts expressed in 
lithology logs and corresponding gamma-ray, density-porosity and neutron-porosity logs 
(Rider, 2002a). All interpreted top and base bounding surfaces of fluvial deposits are 
based on observed inflections (or abrupt breaks) in gamma-ray log responses, which 
can correspond to changes in clay content, grain-size and/or erosional contacts (Rider, 
2002a, 2002b).  
Channel bars and point bars are interpreted using similar criteria. Channel bars 
are interpreted in the middle and upper Williams Fork Formation and have less than 96 
gamma-ray API units, a fining-up or “bell-shaped“ (Rider, 2002a) gamma-ray response, 
a sharp base and/or blocky character, and maximum thickness values of 2-30 ft (0.6-9 
m). Neutron-porosity and density-porosity log signatures range between 0.05 and 0.25 
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 for channel bars. An example of a channel-bar deposit interpreted in the upper Williams 
Fork Formation from the Last Dance core is compared to well logs and an interpreted 
architectural-element log in Figure 14 (Appendix D). Point bars are interpreted within the 
lower Williams Fork Formation (from the top of Rollins Sandstone Member to the top of 
Paonia Shale Member), and channel bars are interpreted in the middle and upper 
Williams Fork Formation (from the top of Paonia Shale Member to top of model).  
It is unknown exactly how the system changes from the lower Williams Fork 
Formation to the middle and upper Williams Fork Formation. Patterson et al., (2003), 
Cole and Cumella (2005), and German (2006) interpret that there was a shift from a 
high-sinuosity meandering-river system in a coastal-plain setting with a lower net-to-
gross ratio (~30-60% sandstone) to a low-to-moderate sinuosity braided-river system in 
an alluvial plain setting (50-80% net-to-gross ratio) (Lorenz, 1983, 1989; Johnson, 1989; 
Tyler and McMurry, 1995; Cole and Cumella, 2003, 2005; Patterson et al., 2003; 
Pranter et al., 2007, 2009). Limited paleocurrent and sedimentological data are currently 
available and, thus, this interpretation is inferred. The higher net-to-gross ratio for the 
middle and upper Williams Fork Formation, also, may support this interpretation, 
although additional research must be conducted to make a more accurate 
interpretation. Therefore, due to the lack of understanding of the depositional 
environment for the middle and upper Williams Fork Formation, a more general term, 
“channel bar” is used for channel sandstones in these intervals, as opposed to 
interpreted “point bars” of the lower Williams Fork Formation. 
Crevasse-splay deposits are interpreted as having less than 96 gamma-ray API 
units, are coarsening-up or “funnel-shaped” (Rider, 2002a) gamma-ray log responses, 
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 with maximum thickness values between 0.7 and 15 ft (0.2 and 4.5 m), and are more 
commonly 10 ft (0.3 m) or less in thickness. Density-porosity log signatures with less 
than or equal to 0.05 units are used as an additional criterion for the identification of 
crevasse splays. In instances for which the gamma-ray log signature does not distinctly 
show a coarsening-up signature, the density-porosity log cutoff criteria is relied upon. 
An example of an interpreted crevasse splay in the upper Williams Fork Formation from 
the Last Dance core, with corresponding well logs and interpreted architectural-element 
log, is illustrated in Figure 15 (Appendix D). 
Two sets, “A” and “B”, of channel-fill (channel bar or point bar) and crevasse-
splay deposits are interpreted in architectural-element logs due to software limitations. 
When interpreting stacked or amalgamated fluvial sandstone bodies, the software will 
not allow the coding of the same architectural element adjacent to another. Therefore, 
alternating “A” and “B” codes for channel fills and crevasse splays are used for each 
architectural-element log.  Additional explanations for this software limitation are 
explained in the following chapter. 
Marine sandstones and shales are interpreted and accounted for within the 
middle and upper sandstone intervals (Collins, 1976; Johnson, 1989; Hettinger and 
Kirschbaum, 2002). 
 
Results 
 For each of the 91 wells, 3 logs are calculated or interpreted for the modeled 
stratigraphic interval (approximately 2,200 ft [670 m] in thickness). Lithology (basic and 
refined) and architectural-element percentages shown in Figure 16 indicate consistency 
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 in sandstone versus non-sandstone percentages. In architectural-element logs, there is 
a lower percentage of floodplain (48.3%), as compared to mudrock in basic and refined-
lithology logs (50%). This is due to interpretation bias, where finer-grained deposits 
(floodplain) are interpreted to be at the base of crevasse-splay deposits, accounting for 
a slight increase in sandstone percent and a slight decrease in non-sandstone percent.  
Thickness histograms of interpreted architectural elements are shown in Figure 
17. For channel bars within the middle and upper Williams Fork Formation, the 
minimum thickness is 1.0 ft (0.3 m), maximum thickness is 27.5 ft (8.4 m), median 
thickness is 6.0 ft (1.8 m), and mean thickness is 6.3 ft (1.9 m). Minimum, maximum, 
median, and mean thickness values of interpreted point bars in the lower Williams Fork 
Formation are 1.0 ft (0.3 m), 26.5 ft (8.0 m), 4.5 ft (1.4 m), and 5.5 ft (1.6 m), 
respectively. Crevasse-splay thickness values for the model interval are a minimum of 
1.0 ft (0.3 m), maximum of 14.3 ft (4.4 m), median of 2.5 ft (0.8 m), and mean of 2.8 ft 
(0.9 m). Thickness statistics of single-story channel bodies (point bar) and crevasse 
splays observed in outcrops at Coal Canyon are shown in Figure 11. The thickness 
values of the architectural elements that are observed in outcrop are consistent with the 
interpreted architectural elements in the well logs at central Mamm Creek Field (Figure 
17). 
 
SPATIAL VARIABILITY OF FLUVIAL DEPOSITS 
 Spatial variability of the Williams Fork Formation fluvial deposits at central Mamm 
Creek Field is analyzed using the calculated and interpreted well-log data, vertical 
proportion curves of lithology and architectural-elements that are based on those logs, 
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 and through analysis of experimental variograms and variogram polar plots. The 
variograms and variogram polar plots are used to estimate the directions and lengths 
(ranges) of spatial continuity of the fluvial sandstones (reservoirs). 
  
Stratigraphic Variability of Fluvial Deposits 
A vertical proportion curve is a vertical, 1-D trend (values between 0 and 1.0) that 
represents the variability in the proportion of lithology or architectural elements 
stratigraphically. Vertical proportion curves are calculated layer by layer (based on 1-ft 
[0.3 m] thick layers from the Rollins Sandstone Member to the top of the model) at wells 
to show the stratigraphic changes in lithology and architectural-element proportions 
versus depth.  
 
Methods 
 For each lithology and architectural-element log, a vertical proportion curve is 
created from the top of Rollins Sandstone Member to the top of model to show the 
proportion (0 to 1.0) of lithology or architectural elements versus depth (or more 
specifically by layer) for the two-section area.  
 
Results 
 Vertical proportion curves were created to show the stratigraphic variability of 
basic lithology, refined lithology, and architectural elements (Figure 18). Each lithology 
and architectural-element vertical proportion curve exhibits the same stratigraphic 
variability for the percentage of mudrock (or floodplain) and coal.  
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 The lower Williams Fork Formation has a net-to-gross ratio of 30-76%, with the 
basal interval (equivalent to the Cameo-Wheeler coal zone) exhibiting a relative high 
(<75%) net-to-gross ratio. Middle and upper sandstone shallow-marine intervals are 
represented by very high net-to-gross ratios (approximately 50-100% and 50-85%, 
respectively) in each of the vertical proportion curves. As seen in refined-lithology 
vertical proportion curves, a high proportion of clean sandstones versus shaley 
sandstones in both marine sandstone intervals occurs. Within the lower Williams Fork 
Formation, coal-bearing units (Coal A, Coal B, Coal C, Coal D, and Coal E) indicate 85 
to 100% of their respective stratigraphic intervals. Stratigraphically higher in the 
Williams Fork Formation, a lesser amount of coal is present, and more sandstone and 
mudrock is prevalent. Middle Williams Fork Formation intervals are represented by 50-
80% net-to-gross ratio in each vertical proportion curve, with higher ratios of clean-to-
shaley sandstone and channel-bar-to-crevasse-splay ratios (1.8:1 and 3.7:1, 
respectively). Within the upper Williams Fork Formation, net-to-gross ratios range from 
15-60%, with high proportions of shaley-sandstone (<35%) and channel bars (<45%). 
 
Spatial Continuity of Fluvial Deposits 
According to Deutsch and Journel (1998), a variogram describes the variation 
(continuity or variability) present in data, such as geologic data, with distance and 
direction. A variogram is a crossplot with separation distance (lag, in distance units, 
e.g., ft) on the x-axis and variance (!) on the y-axis. Separation distance, or lag, is the 
distance between pairs of sample points. The variance for a given lag (h) is defined as 
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 the average squared difference of values separated by lag h (Deutsch and Journel, 
1998).  
   N(h) 
! (h) =   1        !  (zi - zi + h )2  
                                  2N(h)  i=1 
 
 
where, ! (h) is the variance, N(h) is the number of data pairs for lag h, and zi and zi+h are 
the values of the data points for which the variance is calculated.  
Once variance ! (h) is calculated for each lag and the experimental variogram is 
plotted, a variogram model (mathematical function) is used to create a best-fit line 
through the data points to quantify and describe variance at every lag. In this study, a 
spherical variogram model was used and is described in more detail by Deutsch and 
Journel (1998). Important components that describe or quantify the spatial variability of 
the data can then be estimated from the experimental variograms, or more specifically, 
the variogram models. These components are the sill, range, and nugget. The sill 
corresponds to the total variance of the data and, in general, is represented on the 
variogram where the values of variance become constant or do not significantly change 
with increasing lag (Deutsch and Journel, 1998; Gómez-Hernández; 2005). The range 
is the distance at which the variogram value (variance) becomes constant with respect 
to lag distance (Deutsch and Journel, 1998; Gómez-Hernández; 2005).  A short 
horizontal or vertical range corresponds to data that are more discontinuous (more 
heterogeneous), whereas a longer range would reflect more continuous data. A nugget, 
or “nugget effect,” is the variance at zero separation distance (Deutsch and Journel, 
1998). A nugget effect also identifies the sum of geological measurement error, where a 
higher nugget effect could reflect a greater error in measurement and vice versa.  
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 Methods 
Experimental variograms of significant data at wells (e.g., sandstone lithologies, 
crevasse-splay, channel-bar, and point-bar architectural elements, and effective 
porosity) are computed for each model zone by defining the number of lags, a search 
radius (in feet), and a z-range (thickness, in cells). An input of 20 lags, a search radius 
of 7,500 ft (2,286 m), and a z-range of 10 cells (~10 ft; ~3m) created the most complete 
and informative experimental variograms for this dataset. A spherical variogram model 
is then fit to experimental variogram data points and the major and minor horizontal and 
vertical ranges are estimated based on the model. The major range (the maximum 
correlation length in the horizontal direction [Deutsch and Journel, 1998]) is measured 
to determine, horizontally, the distance of maximum spatial continuity. The minor range 
(the correlation length perpendicular to the major range and has a shorter distance 
[Deutsch and Journel, 1998]) is then, in this case, estimated to be one-third the distance 
of the major range, due to software execution limitations. Experimental variograms are 
created in the vertical direction (along the borehole) for each model zone to determine 
the vertical range of spatial continuity in the data. Geologically speaking, variograms are 
a quantitative tool to express how fluvial sandstone deposits vary in distance and 
direction. Model variograms estimated from basic-lithology logs of sandstones are 
shown in Figure 19. 
To estimate the major and minor directions of continuity of the deposits, 
variogram polar plots are computed. Variogram polar plots are similar to experimental 
variograms, but plot variance as a function of lag in 360º instead of for only one azimuth 
as with a conventional experimental variogram (Deutsch and Journel, 1998). Variance is 
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 contoured and the direction of maximum and minimum continuity (horizontal anisotropy) 
can then be estimated. In this study, input parameters to create variogram polar plots of 
significant data (e.g., sandstone lithologies, crevasse splay, point bar, and channel bar 
architectural elements, and effective porosity) include number of lags and search 
distance in the x- and y-directions, as well as applying a z-range (thickness, in cells). 
For each zone, a variogram polar plot is created with five (5) lags in the x- and y-
direction, search radii are 7500 ft (2286 m) in the x- and y-direction, and a 10-cell z-
range. A 10-cell z-range is arbitrarily selected in the middle of the zone to calculate 
variance for that interval within a reasonable run time (~30 minutes or less). From these 
plots, the azimuths of maximum and minimum continuity are estimated for lithology, 
architectural elements, or effective porosity (Figure 20). It is important to note that the 
actual variography workflow involved first generating variogram polar plots to estimate 
the azimuth of maximum continuity (major azimuth) followed by the construction of 
experimental variograms for the major and minor azimuths. It is important to also note 
that variogram polar plots are not maps of variance for a geographic area, and cannot 
be used as a probability map for 3-D modeling. For complete input parameters and 
variogram polar plots, see Appendix E.   
 
Results 
 The spatial continuity of sandstones is analyzed using experimental variograms 
and variogram polar plots. Maximum horizontal ranges of sandstone in basic-lithology 
logs vary from 750 to 900 ft (228 to 274 m), with an average of 862.5 ft (263 m) (Figure 
19), while minimum ranges vary from 300 to 500 ft (91 to 152 m) with an average of 450 
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 ft (137 m). Vertical ranges interpreted from experimental variograms vary from 7 to 20 ft 
(2 to 6 m) (Figure 19). Variogram polar plots for sandstone from basic-lithology logs 
exhibit azimuths for the direction of maximum spatial continuity from 10° to 39°, or 
northwest (Figure 20). Table 2 details estimated major and minor horizontal ranges, 
vertical ranges, and azimuths for the direction of maximum spatial continuity for basic-
lithology logs.  
 Variogram analysis of refined-lithology logs was unable to be accurately 
conducted due to limited amounts of sample data in a given fluvial stratigraphic interval. 
The subdivision of sandstone lithologies (clean sandstone versus shaley sandstone) in 
refined-lithology logs results in a decreased amount of sample data points for either 
clean or shaley sandstone. Therefore, the computer software creates experimental 
variogram data points that are inconclusive and unreliable. Maximum and minimum 
horizontal ranges, and vertical ranges that were determined from variogram analysis of 
sandstones in basic-lithology logs are used for the maximum and minimum horizontal 
ranges, and vertical ranges for clean and shaley refined sandstone lithologies. 
Variogram polar plots, although, were created and resulted in directions of maximum 
continuity of 28° to 48° for clean sandstones and 22° to 34° for shaley sandstones.   
Experimental variograms and variogram polar plots are also used to 
quantitatively analyze the spatial continuity of point bars, channel bars, and crevasse 
splays. For point bars of the lower Williams Fork Formation, maximum horizontal ranges 
vary from 400 to 600 ft (122 to 183 m) (average=500 ft (152 m)) and minimum 
horizontal ranges vary from 100 to 250 ft (30 to 76m) (average=175 ft (53 m)). Vertical 
ranges of point bars average 11.8 ft (3.6 m).  Directions of maximum continuity from 
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 variogram polar plots are 11˚ to 48˚. Channel bars of the middle and upper Williams 
Fork Formation exhibit maximum horizontal ranges averaging 750 ft (228 m), minimum 
horizontal ranges averaging 300 ft (91 m). Channel bar vertical ranges average 11.8 ft 
(3.6 m) and have a direction of maximum continuity of 35˚ to 44˚ (Figure 20). Crevasse 
splays throughout the stratigraphic interval of interest have maximum horizontal ranges 
of 400 to 750 ft (122 to 228 m) (average=479.4 ft (146 m)) and minimum horizontal 
ranges varying from 100 to 300 ft (30 to 91 m) (average=164.7 ft (50 m)). Vertical 
experimental variogram ranges average 4.7 ft (1.4 m) with the direction of maximum 
continuity trending 22˚ to 46˚. Table 3 includes a more detailed record of variogram 
analysis, by zone, for architectural-element logs.  
 The spatial continuity of effective porosity is estimated within sandstone deposits 
by using basic-lithology, refined-lithology (clean and shaley) and architectural-element 
logs (point bars, channel bars, and crevasse splays) (Tables 4, 5 and 6). Based on 
basic-lithology logs, effective porosity of sandstones for fluvial intervals have a minimum 
range of 240 to 400 ft (73.2 to 122 m) (average=260 ft [79.2 m]), maximum range of 600 
to 720 ft (183 to 219 m) (average=690 ft [210 m]), and vertical range of 5.6 to 16.0 ft 
(1.7 to 4.9 m) (average=11.3 ft [3.4 m]). Sandstone effective porosity has a range of 
directions for maximum continuity between 55° and 67°. Variogram analysis of clean 
sandstones indicates a minimum range of 240 to 400 ft (73.2 to 122 m) (average=260 ft 
[79.2 m]), maximum range of 600 to 720 ft (183 to 219 m) (average=690 ft [210 m]), and 
vertical range of 5.6 to 16.0 ft (1.7 to 4.9 m) (average=11.3 ft [3.4 m]). Shaley 
sandstones have a minimum range of 240 to 400 ft (73.2 to 122 m) (average=260 ft 
[79.2 m]), maximum range of 600 to 720 ft (183 to 219 m) (average=690 ft [210 m]), and 
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 vertical range of 3 to 12 ft (0.9 to 3.7 m) (average=7.9 ft [2.4 m]). Effective porosity of 
clean sandstones and shaley sandstones has a range of directions for maximum 
continuity of 66° and 58° to 66°, respectively.  
 For fluvial architectural elements, effective porosity of point bars of the lower 
Williams Fork Formation have minimum, maximum and vertical ranges of 80 to 160 ft 
(24 to 48 m) (average=133 ft [40.5 m]), 320 to 400 ft (98 to 122 m) (average=360 ft [110 
m]), and 9.4 ft (2.9 m), respectively (Table 6). Channel-bar deposits within the middle-
to-upper Williams Fork Formation, have minimum and maximum horizontal and vertical 
ranges of effective porosity of 240 ft (73.2 m), 600 ft (183 m), and 9.4 ft (2.9 m), 
respectively. Finally, effective porosity for crevasse splays shows minimum and 
maximum horizontal and vertical ranges of 80 to 240 ft (24 to 73 m) (average=140 ft 
(42.7 m)), 320 to 600 ft (97.5 to 183 m) (average=543 ft [166 m]), and 3.8 ft (1.2 m), 
respectively. Effective-porosity trends for the directions of maximum continuity within 
fluvial sandstones are 6° to 354° for point bars, 26° to 60° for channel bars, and 107° to 
275° for crevasse splays (Table 6).  
 
DISCUSSION  
The stratigraphic changes in the magnitude of fluvial sandstone continuity 
(range), trend or orientation of maximum continuity, and percentage of fluvial 
sandstones and their lithologies of the Williams Fork Formation are observed through 
multiple avenues of data interpretation and evaluation. The stratigraphic variability in 
these parameters is directly related to variations in sediment supply and environment of 
deposition.  
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 The base of the Williams Fork Formation at Mamm Creek Field consists of a 
coal-bearing interval called the Bowie Shale Member. Throughout the interval, 
depositional environments vary from coastal and alluvial plain to shallow marine and 
have net-to-gross ratios as low as 35% to as high as 75%, depending on the 
stratigraphic interval. The base of the Bowie Shale Member is the Cameo-Wheeler coal 
zone, which has variable net-to-gross ratios of 35-75%. High net-to-gross ratios 
observed in vertical proportion curves of lithology and architectural elements (Figure 18) 
are largely due to tidally influenced deposits intertongued with coastal-plain fluvial 
sandstone deposits, which induce sandstone mineralogical changes (Nelson, 2003). 
Thus, gamma-ray log signatures are lower (<96 API units) and, therefore, reflect 
cleaner, point-bar sandstone deposits. Point-bar and crevasse-splay deposits are 
interpreted in this interval and make up approximately 40% and 12% of the 
architectural-elements present, respectively. Two coal beds, Coals A and B, are laterally 
correlatable and continuous within this coal zone throughout the model area, and 
indicate coastal-plain depositional settings. Other coal beds are prevalent within the 
Cameo-Wheeler coal zone, but pinch out and are more discontinuous throughout the 
coal zone.  
The middle and top of the Bowie Shale Member consists of two marine-
influenced sandstone units, the middle and upper sandstones, respectively. The middle 
and upper sandstones exhibit similar net-to-gross ratios as the Cameo-Wheeler coal 
zone (75% and 65%, respectively) and sandstones are generally clean (<70 gamma-ray 
API units) (Figure 18). These clean sandstones are deposited in shallow-marine 
settings and are the result of multiple shoreline progradations (Collins, 1976, 1977). The 
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 middle and upper sandstones are only correlatable in the southeastern portion of the 
Piceance Basin given the inferred positions of the shorelines at this time (Collins, 1976, 
1977). The middle sandstone is laterally continuous and correlatable throughout the 
entire model area in central Mamm Creek Field. In general, the upper sandstone is 
laterally continuous; however, the upper sandstone pinches out up-dip approximately 
2,000 ft (610 m) west of the eastern boundary of the model area. Coal units of the 
middle sandstone are rare and pinch out in the western portion of the study area. The 
upper sandstone contains little to no coal. Coal seams, similar to those of the Cameo-
Wheeler coal zone, indicate coastal-plain depositional settings in freshwater peatbogs 
or swamps (Collins, 1976, 1977; Cole and Cumella, 2003; Cumella and Ostby, 2003; 
Patterson et al, 2003). Because the middle and upper sandstones are shallow marine in 
origin, fluvial architectural elements are not interpreted in these intervals.  
The top portion of the Bowie Shale Member (net-to-gross ratio = 30-60%) was 
deposited in coastal- to alluvial-plain settings and is coal-bearing (Collins, 1976, 1977). 
Fluvial sandstones interpreted in this interval are point bars (average = 30%) and 
crevasse splays (average = 13%), in addition to three distinct, laterally continuous coal 
beds, Coals C, D, and E (Figure 18). The Bowie Shale Member consists of the last 
occurrence of laterally correlatable coal seams within the lower Williams Fork 
Formation. Thus, this could indicate a shift to more landward alluvial-plain deposition 
from coastal-plain, swamp, and meandering-river settings.  
 The top of the lower Williams Fork Formation is the Paonia Shale Member, which 
is stratigraphically above the upper sandstone and contains some coal units (represents 
5% of the interval on average) in the bottom portion of the interval, but is primarily 
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 mudrock, point-bar (represents 30% of the interval on average), and crevasse-splay 
(represents 13% of the interval on average) deposits (Figure 18). The net-to-gross 
ratios of the Paonia Shale Member ranges from 30% to 75%, which is representative of 
lower Williams Fork Formation net-to-gross ratios in outcrop at Coal Canyon, and have 
been interpreted as being deposited by anastomosing to sinuous, meandering-river 
systems (Lorenz, 1989; Johnson, 1989; Cole and Cumella, 2003, 2005; Patterson et al., 
2003; Pranter et al., 2007, 2009).  
 A transition occurs from the lower to middle and upper Williams Fork Formation 
to more laterally continuous sandstone deposits, which have been interpreted as being 
deposited in low-sinuosity braided streams in alluvial-plain settings (Johnson, 1989; 
Cole and Cumella, 2003; Patterson et al., 2003; Cole and Cumella, 2005; German, 
2006; Pranter et al., 2009). Net-to-gross ratios of the middle Williams Fork Formation 
are 50-80% and the upper Williams Fork Formation exhibits a significant decrease of 
net-to-gross ratio (15-60%; Figure 18). Low net-to-gross ratios in the upper Williams 
Fork Formation are possibly due to a change in mineralogy or water saturation of 
sandstones (Lorenz, 1983; Northrop and Frohne, 1990). One interpretation by Lorenz 
(1983) and Tyler and McMurry (1995), which contradicts previously held beliefs of the 
depositional setting of the middle and upper Williams Fork Formation, identifies the net-
to-gross ratio shift to reflect more discontinuous sandstone deposition from 
anastomosing-to-meandering streams in higher stratigraphic intervals within the 
Williams Fork Formation. Given the limited outcrop exposures of the middle and upper 
Williams Fork Formation, it is unknown whether net-to-gross ratio changes are 
consistent throughout the basin, or if an anomaly is present in central Mamm Creek 
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 Field. Also, limited core data is available from these intervals, which could further verify 
the type of fluvial depositional setting. Factors consistent in both of these intervals, 
though, are the higher proportions of clean versus shaley sandstone (approximately 
2.4:1), channel-bar versus crevasse-splay deposits (approximately 2.5:1), and lack of 
coal beds, possibly indicating an alluvial-plain depositional setting. Cleaner sandstone 
deposits in the upper stratigraphic intervals of the formation could represent a shift to 
well-sorted, coarser-grained sandstone deposition in a braided-river system (as 
opposed to a mixed-load meander-river system). 
 Variogram analysis of each fluvial stratigraphic interval identifies correlation 
lengths of maximum continuity of sandstone deposits and associated effective 
porosities. The interpretation of experimental variograms of sandstone deposits in this 
study produces variogram ranges of sandstone deposits and associated effective 
porosities that are similar in lengths throughout the Williams Fork Formation. 
Importantly, the horizontal correlation lengths are relatively short (i.e., <800 ft [244 m]) 
with respect to the distances between wells (i.e., 330 ft [100 m] in the north-south 
direction, and 1,320 ft [402 m] in the east-west direction).  
Variogram polar plots of sandstone deposits and effective porosities indicate a 
strong azimuth of continuity in the northeast-north to southwest-south direction. This 
azimuth does not correlate to paleocurrent or paleoflow, but identifies the azimuth of 
maximum continuity of sandstone deposits and porosities. Paleocurrent measurements 
in this area trend west to east, (Cole and Cumella, 2005) and it is only circumstantial 
that directions of maximum continuity are approximately perpendicular to this azimuth. 
This may indicate an inherent relationship between how sandstone bodies are 
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 deposited inside channels, where meander bends avulse perpendicular to paleoflow in 
sinuous fluvial systems. Therefore, a higher continuity of sandstones could be parallel to 
avulsion patterns, and perpendicular to paleoflow. Additional work is required to 
properly address this issue. 
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 CHAPTER THREE 
THREE-DIMENSIONAL RESERVIOR MODELING 
 
OBJECTIVES 
The stratigraphic architecture and spatial distribution of reservoir sandstones 
and their petrophysical properties within the Williams Fork Formation is fundamentally 
dependent upon the depositional environment and associated architectural elements, 
facies associations, and facies. Throughout the 2,200 ft (670 m) gas-producing interval 
of the Williams Fork Formation, depositional environments transition stratigraphically 
from coastal-plain strata and interfingered shallow-marine deposits, to alluvial-plain 
deposits. Lower net-to-gross ratio, coal-bearing strata deposited in coastal-plain 
environments is observed in the lower Williams Fork Formation (Johnson, 1989; 
Lorenz, 1989; Law, 2002; Cumella and Ostby, 2003; Cole and Cumella, 2003; Johnson 
and Roberts, 2003; Cumella and Scheevel, 2005; Pranter et al., 2007, 2009). Middle 
and upper sandstone units are present in the Mamm Creek Field area and were 
deposited during shifts in fluvial sedimentation associated with marine transgressions 
and the deposition of these shallow-marine sandstones (Collins, 1976, 1977). A change 
in fluvial depositional environment is interpreted to occur through the Williams Fork 
Formation (Johnson, 1989; Lorenz, 1989; Cumella and Ostby, 2003; Cole and Cumella, 
2003; Johnson and Roberts, 2003; Cumella and Scheevel, 2005; Pranter et al., 2007, 
2009). Low net-to-gross ratio sinuous meandering streams that deposited point bars, 
crevasse splays, and overbank mudrocks within the lower Williams Fork Formation are 
believed to transition to higher net-to-gross ratio low-sinuosity braided systems in the 
middle-to-upper Williams Fork Formation (various channel bar and over bank 
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 deposition) (Figure 4 and 6) (Johnson, 1989; Lorenz, 1989; Law, 2002; Cumella and 
Ostby, 2003; Cole and Cumella, 2003; Johnson and Roberts, 2003; Cumella and 
Scheevel, 2005; Pranter et al., 2007, 2009).   
To represent the stratigraphic and aerial changes from fluvial-dominated coastal-
plain and marine-influenced depositional environments to fluvial alluvial-plain settings, 
various modeling scenarios are constructed to represent the deposits and pay within 
the Williams Fork Formation. Given the uncertainty in subsurface and outcrop-analog 
data and the advantages and disadvantages of the various modeling methods, it is 
useful to explore multiple modeling scenarios to compare and contrast the stratigraphic 
and spatial distribution of fluvial-sandstone deposits. After investigating multiple 
scenarios and modeling methods, this study evaluates the results in terms of static 
connectivity of the fluvial sandstones and associated pay within the Williams Fork 
Formation at central Mamm Creek Field. 
The indicator-based and sequential-Gaussian simulations that are used in this 
study are cell- or pixel-based methods that simulate the spatial distribution of properties 
as controlled, in part, by variograms (Deutsch and Journel, 1998; Journel et al., 1998; 
Pawar et al., 2003; DeMarsily et al., 2005; Gómez-Hernández; 2005). For comparison, 
object-based modeling is used in this study to model discrete three-dimensional 
geologic features or “objects” (i.e., rock types; architectural elements) (Deutsch and 
Wang, 1996; Deutsch and Journel, 1998; Journel et al., 1998; Holden et al., 1998; 
Seifert and Jensen, 2000).  
In this study, 16 model scenarios are produced: three indicator-based scenarios 
of lithology, three object-based scenarios of architectural elements, and 10 sequential-
Gaussian scenarios of effective porosity.  
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 MODEL FRAMEWORK 
A detailed and representative stratigraphic and structural framework is required 
for 3-D reservoir modeling of lithology, architectural elements, and petrophysical 
properties. In this study, the 3-D reservoir model domain dimensions are approximately 
10,900 ft x 5,900 ft x  2,200 ft (3,300 m x 1,800 m x 670 m), and includes the entire 
gas-producing interval of the Williams Fork Formation in sections 20 and 21 of T6S, 
R92W in central Mamm Creek Field. 
Sixteen stratigraphic horizons (Figure 4, Appendix B) and data for 91 deviated 
wells on an irregular 10-ac (330 ft [100 m] in the north-south direction and 1,320 ft [402 
m] in the east-west direction) density (Figure 3) are used to construct the 3-D model 
framework. Stratigraphic horizons subdivide the three-dimensional models into 15 
zones, 5 of which are laterally correlatable coal seams and 2 are shallow-marine 
sandstone units (middle and upper sandstones) (Figure 21). The remaining 8 zones are 
units that represent coastal- and alluvial-plain deposits. The stratigraphic framework for 
the 3-D models is bounded and subdivided by the following horizons (in order from 
stratigraphic base to top):  Rollins Sandstone Member, Coal A, Cameo-Wheeler coal 
zone (Coal B), middle sandstone, Coal C, Coal D, Coal E, upper sandstone, Paonia 
Shale Member (also referred to as base middle Williams Fork Formation, or base thick 
sandstone interval), middle Williams Fork Formation, and top of model (Figure 4). 
The 3-D geologic model contains 2,204 proportional layers that are each 
approximately 1 ft (0.3 m) thick (Table 7). The 3-D cell dimensions of 40 ft x 40 ft x 1 ft 
(12.2 m x 12.2 m x 0.3 m) result in 89.3 million cells (Figure 22). The cell dimensions 
are designed to be small enough to capture the geometry of the smallest architectural 
element in the model.  
75
!""#$%&'((')*+%,-$.%,-$*)/'-0
1'22(#%&'((')*+%,-$.%,-$*)/'-0
3)*#-4&5##(#$%6-)(%7-0#%8
*'22(#%+)02+/-0#
9""#$%+)
02+/-0#
!"#$%&
!"#$%'
!"#$%!
:)-0')%;5)(#%1#*<#$
!"#$%(
!"#$%)
*+,-./%012%34.//56+7/89+"8#$%7"6/$%:.#7/;".<%":%=4/%>+$$+#79%*".<%*".7#=+"8%?:."7%=4/%
="@%":%A"$$+89%="%#%9=.#=+,.#@4+B#$$C%B"../$#=#D$/%4".+E"8%#D"F/%=4/%="@%":%B"8=+8-"-9%,#9G2%
34/%7"6/$%B"89+9=9%":%1H%E"8/9I%":%;4+B4%H%#./%B"#$%E"8/92%J"6/$%6+7/89+"89%#./%
#@@."K+7#=/$C%0%7+0%?H20%<70G%?1LIMLL%:=%K%HIMLL%:=N%OIOLL%7%K%1IPLL%7G%+8%#./#%#86%
0I0LL%:=%?QRL%7G%=4+B<2%34/%="@%+7#,/%?&G%+9%F/.=+B#$$C%/K#,,/.#=/6%O%=+7/9I%;4+$/%=4/%
D"=="7%+7#,/%?'G%+9%8"=%F/.=+B#$$C%/K#,,/.#=/6%#86%94";9%=4/%M1%;/$$9%-9/6%="%B"89=.#+8
O5)%7"6/$92
8
=
S
S
3)*#-4&5##(#$
6-)(%7-0#%=
=->'#%;5)(#%1#*<#$%8=->'#%;5)(#
=->'#%;5)(#
1#*<#$%3
1#*<#$%=
76
!"#$%&'(&)"*%+,-.&/01%2%&/3+4%5&#*&63-%&7,41,-&41%&89:&235%$&;+"2%73+<=&)"*%+/&"+%&
>+3>3+4,3-"$&41+3?.13?4&%"01&63-%&43&0+%"4%&"-&"@%+".%&3;&A&;4&BC=8&2D&$"*%+/=&)EF&G&
$37%+&E,$$,"2/&F3+<&F3+2"4,3-=
!"#$%&'($ )'*$+,#-%./0$($ &1(2$+%"3%)'*$+4
!""#$%&'((')*+%,-$.%,-$*)/'-0 1$-"-$/'-0)( 2345
6'77(#%&'((')*+%,-$.%,-$*)/'-0 1$-"-$/'-0)( 238
1)-0')%9:)(#%6#*;#$ 1$-"-$/'-0)( 84<
=""#$%+)07+/-0# 1$-"-$/'-0)( >?
@-A'#%9:)(#%6#*;#$%B 1$-"-$/'-0)( 54C
D-)(%E 1$-"-$/'-0)( 5
@-A'#%9:)(#%6#*;#$%@ 1$-"-$/'-0)( 54C
D-)(%F 1$-"-$/'-0)( 5
@-A'#%9:)(#%6#*;#$%D 1$-"-$/'-0)( 33
D-)(%D 1$-"-$/'-0)( 5
*'77(#%+)07+/-0# 1$-"-$/'-0)( 52?
D-)(%@ 1$-"-$/'-0)( 5
D)*#-G&:##(#$%H-)(%I-0#%B 1$-"-$/'-0)( C4J
D-)(%B 1$-"-$/'-0)( 5
D)*#-G&:##(#$%H-)(%I-0#%@ 1$-"-$/'-0)( J
!"#$%5
C
2
?
3
<
>
8
J
54
55
5C
52
5?
53
77
!"#$%&'(()'*&+,"-&.'/"&0'12'+3&'45*'61.&-'2%,6&01%78'9310":#'+3&',&%",-'."6&:9"1:9'
12'45*'61.&-'#%".';&--9)'<='>,?'/"&0'12'+3&'>,66'@%&&7',%&,)'>1.&-',%&,'"9'1$+-":&.'
":'#%&A)'B='@-19&'$?'12'+3&'45*'31%"C1:+,-'61.&-'#%".)'D1;,+"1:'12'"6,#&'"9'":.";,+&.'EA'
+3&'%&.'E1F'":'<)'G&.'9H$,%&'1$+-":&9'1:&'#%".';&--8'0"+3'."6&:9"1:9'IJ'2+'EA'IJ'2+'
KL()('6'EA'L()('6=)'@='45*'9;3&6,+";'/"&0'12'1:&'61.&-'#%".';&--'0"+3'."6&:9"1:9'IJ'2+'
EA'IJ'2+'EA'L'2+'KL()('6'EA'L()('6'EA'J)4'6=)'@%19959&;+"1:'+%,:9&;+9'21%'&,;3'45*'61.&-'
$9&.'":'+3"9'9+$.A'"9'":.";,+&.'EA'+3";7'E-,;7'-":&'":'"6,#&'<)'B-,;75;1-1%&.'#,9'0&--9'
":.";,+&'61.&-'0&--9)
!
"#$%&%'()*
MNDO
70
P"#30,A
'N5QJ
@1-1
%,.1
'G"/
&%
N
J'''''''''''''''''''''''''L)(
J''''''''''''''''''''''''''''(6"-&9
'7"-16&+&%9
R,9'0&--
+ D,9+'*,:;&';1%&
OA?&'D1#'KS@S'(L<=
>,66'@%&&7'!"&-.
@%199'9&;+"1:'-1;,+"1:
J''''''''6&+&%9'''''L((
J''''''''''2&&+''''''''IJJ
N
,
-./0%12)3)45 -.
/0%
12
)3
)4
5
2/0%1.3645
>1.&-',%&,'1$+-":&
78
 MODELING CONSTRAINTS 
The following data and constraints are utilized in indicator-based, object-based, 
and sequential-Gaussian simulations to control the spatial distribution of the Williams 
Fork Formation reservoir properties: 1) well data (e.g., lithology, architectural-element, 
and effective-porosity logs), 2) variogram models and parameters (correlation lengths, 
azimuths, nugget), 3) outcrop dimensional data, 4) vertical proportion curves, and 5) a 
3-D seismic-derived probability volume with values that represent the probability of the 
occurrence of thick sandstone (Michelena, 2010). The probability volume was used in 
one model scenario to constrain the distribution of sandstone. 
 
Well Data 
 Upscaled discrete (i.e., lithology; architectural element) and continuous (i.e., 
effective porosity) logs are treated as hard data and are honored in the 3-D models. To 
honor these data, logs are upscaled to the resolution of the 3-D model grid (~1 ft [0.3 
m] thick layers) and are used in the modeling process. Discrete logs include calculated 
basic- (Figure 12) and refined-lithology logs (Figure 13), and interpreted architectural-
element logs (Figure 14 and 15). Explanations of how these logs are calculated and 
interpreted are outlined in the previous chapter. In indicator-based simulations, basic- 
and refined-lithology logs are honored and in object-based simulations all lithology and 
architectural-element logs are used as constraints to model fluvial sandstone bodies 
(architectural elements). Effective-porosity logs are used to condition effective porosity 
models using sequential-Gaussian simulation. Well-log data exist and are complete 
throughout the modeling interval and given the fine layering scheme that is used, this 
allows for a high-resolution vertical constraint at all wells. 
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 Variogram Model and Parameters 
 Experimental variograms and variogram polar plots are graphs that are used to 
describe and quantify the spatial continuity of properties. Variogram analysis of 
lithology and effective porosity within the Williams Fork Formation is discussed in the 
previous chapter and the results are used as input for indicator-based and sequential-
Gaussian simulations. These inputs include the variogram model and its associated 
parameters: horizontal minimum and maximum variogram ranges, vertical variogram 
ranges (correlation lengths) that are used to control the lateral continuity of the deposits 
and porosity, directions of maximum spatial continuity (azimuth) for lithology (basic and 
refined), and a nugget that is set to zero. These parameters are estimated and set for 
each model zone (Tables 2, 3, 4, 5, 6; Appendix E). Variogram models and parameters 
of architectural elements are not considered in this study. 
 
Outcrop Dimensional Data 
Dimensional data of fluvial sandstone bodies from Coal Canyon (Cole and 
Cumella, 2005; Panjaitan, 2006; Pranter et al., 2009) are used as analog data for 
modeling the fluvial sandstone bodies in central Mamm Creek Field. This database 
includes thickness, apparent width, and width-to-thickness ratios for 668 lower Williams 
Fork Formation sandstone bodies (Figure 10). Sandstone-body statistics were collected 
by walking out sandstone bodies in outcrop and recording GPS waypoints and by 
measuring sandstone bodies using a combination of aerial LiDAR (Light Detection and 
Ranging), digital orthophotos, and ground-based photomosaics (Panjaitan, 2006; 
Sommer, 2007; Pranter, 2007, 2009) (Figure 9).  
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 In this study, dimensional statistics from single-story channel bodies and 
crevasse splays are utilized and accounts for 395 of the total 668 sandstone bodies 
measured in outcrop (Figure 11; Appendix C). Three-dimensional object-based 
architectural-element models utilize single-story channel and crevasse-splay body 
statistics for point-bar/channel-bar and crevasse-splay sandstone deposits, 
respectively. During the modeling process, depending on the net-to-gross ratio, single-
story channel bodies and crevasse splays stack and/or amalgamate onto one another 
to form amalgamated bodies. Therefore, for modeling purposes, only single-story 
channel-body statistics are used to model the fluvial channel-fill deposits (i.e., point-bar 
and channel-bar deposits). The multistory channel-body statistics of Cole and Cumella 
(2005), Panjaitan (2006), and Pranter et al. (2009) were not used. 
Outcrop observations and dimensional statistics of lower Williams Fork 
Formation fluvial sandstone bodies constrain the cross-sectional object shape, 
thickness, and width parameters for three object-based simulations of architectural 
elements. External cross-sectional geometries (shapes) of fluvial sandstone bodies are 
characterized using outcrop orthophotos and ground-based photomosaics, as well as 
modern analogs to determine overall external shape and three-dimensional 
proportionality (Sommer, 2007; Cole et al., 2008; Pranter et al., 2009). 
Because width-to-length ratio parameters for 3-D fluvial sandstone objects are 
difficult to measure in outcrop, point-bar dimensional statistics observed from modern 
fluvial river systems are used as analogs to constrain dimensional parameters for 
subsurface modeling (Ebanks and Weber, 1987; Tye, 2004; Gibling, 2006; Sommer, 
2007). Modern point-bar width-to-length ratios range from 1:1 to 3.2:1 (Sommer, 2007), 
while Pennsylvanian fluvial point-bar sandstones width-to-length ratios are 
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 approximately 1.4:1 (Ebanks and Weber; 1987; Shanley, 2004). Crevasse splay width-
to-length ratios were arbitrarily estimated from modern crevasse splays to reflect 
sandstone deposits that are broader (plan view) or longer (cross-sectional view) than 
they are wide (cross-sectional view). Because water velocity is greatly decreased after 
a fluvial channel is breached, sediments forming crevasse splays are not transported 
far (perpendicularly), and result in a fan shape that is more broad parallel to the fluvial 
channel (Bridge, 2006). 
  
Vertical Proportion Curves 
A vertical proportion curve is a vertical, 1-D trend (values between 0 and 1.0) 
that represents the variability in the proportion of lithology or architectural elements 
within each model layer. These curves are used as vertical constraints in the 3-D 
reservoir modeling to honor the stratigraphic changes in the percentage of lithology and 
architectural elements (Figure 18). Vertical proportion curves are calculated layer by 
layer from lithology and architectural-element logs, to express the proportion of 
lithology or architectural elements for all 2,204 layers within the model.  
 
3-D Seismic Probability Volume 
Without other constraints, there is uncertainty regarding the distribution of fluvial 
sandstones in the 3-D models between wells. In this study, a 3-D seismic-derived thick-
sandstone probability volume was used in an attempt to address this issue. The 
seismic-derived probability volume shows estimates of the probability of the occurrence 
of thick sandstones based on statistical analysis of multidimensional crossplots of 
seismic attributes (Michelena et al., 2009, 2010) (Figure 23). Using a combination of 
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 petrophysics and rock physics, sandstone flags are created to categorize and color-
code the seismic scale attribute data (Michelena et al., 2009, 2010). Sandstone flags 
identify sandstones with greater than six (6) percent effective porosity and thicknesses 
greater than 10-15 ft (3-4.5 m) (Michelena et al., 2010). Seismic-scale attributes cross-
plotted to produce the sandstone probability volume include Vs, Vp, RHO, impedance 
from Vs slow and impedance from Vs fast (Michelena et al., 2009, 2010). The 
combination of seismic-scale attribute analysis with petrophysics, allows for the most 
complete correlation in identifying thick sandstones in 3-D seismic surveys. Comparing 
the seismic-derived probability volume to observed spatial trends in outcrop and core of 
the Williams Fork Formation, the high net-to-gross fluvial middle Williams Fork 
Formation and the shallow-marine middle sandstone intervals both correlate to zones 
of higher probability of thick sandstone deposits in the probability volume (Figure 23). 
Similar studies utilizing seismic attributes to predict lithology in order to condition 3-D 
reservoir models include Caers (2001), John et al. (2005), Bertrand et al. (2007), 
Bushara and Cox (2007), Castro et al. (2009), Michelena et al. (2009), and Stright et al. 
(2009).    
 
INDICATOR-BASED SIMULATION OF LITHOLOGY 
An indicator-based simulation is a cell- or pixel-based modeling method that 
simulates the spatial distribution and continuity of discrete and continuous data (e.g., 
lithology and porosity, respectively) through the use of variograms (Journel and Issaks, 
1984; Deutsch and Journel, 1998; Journel et al., 1998; Seifert and Jensen, 2000; 
Pawar et al., 2003; DeMarsily et al., 2005; Gómez-Hernández; 2005). Indicator-based 
simulations populate the model, cell by cell, first, by assigning well data to the closest 
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 grid cell (Deutsch and Journel, 1998). A random path or order of cells is established in 
which every cell is visited. Nearby data and previously simulated values (i.e., near 
wells) are evaluated, and conditional probabilities are constructed by kriging. Each cell 
is populated or “visited” only once, and is assigned a simulated value based on the 
conditional probabilities (Deutsch and Journel, 1998). The resulting 3-D model will 
honor the input data, global proportions of the property, and variograms (Deutsch and 
Journel, 1998).  
 
Methods 
 Three model scenarios using indicator-based simulation are created to model 
and evaluate the distribution of the coastal-plain, shallow-marine, and alluvial-plain 
deposits of the Williams Fork Formation: (1) a lithology model constrained to basic-
lithology logs (sandstone, mudrock, and coal), variograms, and vertical proportion 
curves, (2) a lithology model constrained to basic-lithology logs (sandstone, mudrock, 
and coal), variograms, and 3-D seismic-derived probability volume, and (3) a refined 
lithology model constrained to refined-lithology logs (clean sandstone, shaley 
sandstone, mudrock, and coal), variograms, and vertical proportion curves (Figure 24). 
One realization was produced for each model scenario. All indicator-based models are 
given the same simulation seed number in order to compare fluvial sandstone deposits 
variability from one model to another.  
Between wells, variograms are the main influence on the distribution of the 
coastal-plain, shallow-marine, and alluvial-plain deposits for indicator-based 
simulations (Journel, 1986; Deutsch and Journel, 1998; Journel et al., 1998; Seifert and 
Jensen, 2000; Pawar et al., 2003). Coal and mudrock lithologies are “background” or 
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 non-reservoir rock in all three scenarios. Proportions of lithologies for each model 
scenario are specified by their corresponding vertical proportion curve and global 
proportions which are honored in model outcomes (Figure 18). 
Each zone is modeled independently utilizing a spherical variogram model with 
no nugget effect. These models are anisotropic horizontally as defined by the minor 
and major variogram ranges for each zone. For each of the three indicator-based 
scenarios, coal zones are deterministically modeled as coal. Detailed parameters for all 
three indicator-based models for lithology are included in Appendix F. 
In this study, only one scenario (indicator-based simulation constrained to basic 
lithology) utilizes the 3-D seismic-derived probability volume. This is because the 
seismic-probability volume has values for the probability of thick sandstone, and the 
basic-lithology model is the only scenario in this study (including all indicator-based and 
object-based scenarios) that has only one sandstone variable. That is, a seismic-
probability volume for clean sandstone and shaley sandstone does not exist. 
 
Results 
Cross sections and layer slices through the lithology models show the scenarios 
of how the lithologies vary stratigraphically and aerially, respectively (Figures 25 and 
26). The two basic-lithology models are similar both visually and statistically. Visually, 
the stratigraphic architecture and net-to-gross ratio are similar between the two models, 
with a lower net-to-gross ratio (30-55%) lower Williams Fork Formation transitioning 
into a higher net-to-gross ratio (30-70%) upper-to-middle Williams Fork Formation 
(Figure 27). Histograms of global proportions and vertical proportion curves of basic-
lithology percentages of the two scenarios, quantify this visual observation of 
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 sandstone percent from model-to-model and stratigraphically (Figure 28). Comparing 
sandstone percentages between the two model scenarios, overall and by stratigraphic 
zone, there is a less than 1 % change (Figure 28; Appendix F).  
The indicator-based simulation of refined-lithology scenario illustrates, in more 
detail, changes in clean sandstone and shaley sandstone percentages stratigraphically 
(Figure 27; Appendix F). The visual increase of clean to shaley sandstone ratios from 
the lower Williams Fork Formation to the middle-and-upper Williams Fork Formation 
indicates a shalier to more clean sandstone upwards trend of fluvial sandstone 
deposits. 
 
OBJECT-BASED SIMULATION OF ARCHITECTURAL ELEMENTS 
Object-based simulation is a stochastic Boolean modeling method for discrete 
properties in which objects are placed in the model domain while following various rules 
and until a user-defined percentage for the object type is reached (Journel, 1986; 
Budding et al., 1988; Deutsch and Wang, 1996; Journel et al., 1998; Deutsch and 
Journel, 1998; Holden et al., 1998; Skorstad et al., 1999; Seifert and Jensen, 2000; 
Gómez-Hernández; 2005). Object-based simulations are constrained to well data 
(discrete lithology and architectural-element logs), global proportions for lithologies and 
architectural elements, vertical proportion curves, and object shape, dimensional, and 
directional parameters, (e.g., width, width-to-length ratio, thickness, and orientation).  
 
Methods 
Three architectural-element model scenarios using object-based simulation are 
generated for this study: (1) an architectural-element model constrained to basic-
91
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 lithology logs, (2) an architectural-element model constrained to refined-lithology logs, 
and (3) an architectural-element model constrained to architectural-element logs. When 
honoring basic-lithology logs, channel-bar, point-bar, and crevasse-splay objects are 
constrained to sandstone lithologies. When constrained to refined-lithology logs, 
channel-fill (channel-bar, point-bar) and crevasse-splay objects are constrained to 
clean sandstone and shaley sandstone lithologies, respectively. When honoring 
architectural-element logs, channel-bar, point-bar, and crevasse-splay objects are 
constrained to their respective architectural elements interpreted in the well logs. 
In addition to lithology and architectural-element logs at wells, object-based 
models are conditioned to the global proportions for each lithology and architectural 
element based on well data (Figure 29), vertical proportion curves (Figure 18), object 
shape, and dimensional statistics from outcrops at Coal Canyon of the lower Williams 
Fork Formation (Cole et al., 2008; Pranter et al., 2009). Objects modeled in these 
scenarios represent architectural elements present in fluvial intervals of the Williams 
Fork Formation, such as point bars (lower Williams Fork Formation), channel bars 
(middle-to-upper Williams Fork) and crevasse splays (Figures 4 and 6) (Johnson, 1989; 
Lorenz, 1989; Law, 2002; Cumella and Ostby, 2003; Cole and Cumella, 2003; Johnson 
and Roberts, 2003; Cumella and Scheevel, 2005; Pranter et al., 2007, 2009).  
Global proportions of architectural elements are derived from the original log 
proportions in basic- and refined-lithology logs, and architectural-element logs (Figure 
29). When constraining to basic-lithology logs, global proportions of channel-fill (point-
bar or channel-bar)-to-crevasse-splay deposits reflect a 2:1 ratio (Appendix G). The 
rescaling is conducted to reflect the overall channel-fill-to-crevasse-splay proportions 
seen in outcrop at Coal Canyon and in interpreted architectural-element logs (Cole et 
93
!"!
#!
$!
%!
&!
'!
()*+,-.+,/ .0+)*1-.+,/ 23/4567 (5+)
!
"!
#!
$!
%!
&!
'!
.+,/895,* 23/4567 (5+)
!
"!
#!
$!
%!
&!
'!
(0+,,*)-
:+4;<5=,9-
:+4
(4*>+88*-
.?)+1
2+4=,*-
.+,/895,*
2+4=,*-
.0+)*
@)55/?)+=, (5+)
<
*
46
*
,
9+
A
*
-B
C
D
E
(
:
@=A34*-#FG-H=895A4+I8-5J-54=A=,+)-)5A-BK)+67D->*4838-I5/*)-539?39-BA4*1D-)=905)5A1-
?*46*,9+A*8-J54-BED-5KL*69MK+8*/-8=I3)+9=5,-65,894+=,*/-95-K+8=6-)=905)5A1N-B:D-5KL*69M
K+8*/-8=I3)+9=5,-65,894+=,*/-95-4*J=,*/-)=905)5A1O-+,/N-B(D-5KL*69MK+8*/-8=I3)+9=5,-
65,894+=,*/-95-+460=9*6934+)-*)*I*,98G
%&C
%FC
'C &C
&!C
%&C
"FC"PC
#'C
&"C
&C
#'C
#$C#&C
"$C
"!C
"C #C
%C
&'C
$C $C
&"C
'C
%FC
'C
<
*
46
*
,
9+
A
*
-B
C
D
<
*
46
*
,
9+
A
*
-B
C
D
94
 al., 2008; Pranter et al., 2009). For object-based simulations constrained to refined 
lithology, clean sandstones are interpreted and modeled as channel-fill deposits 
(objects), and shaley sandstones are interpreted and modeled as crevasse-splay 
deposits (objects) (Appendix G). This generalization and segregation of fluvial 
sandstone deposits based on refined lithology sandstone classifications is (1) an 
arbitrary assumption that cleaner sandstones are deposited in channels and shalier 
sandstones are overbank deposits, such as crevasse splays, and (2) to model fluvial 
objects using only log signature cutoffs for comparison to models constrained to 
interpreted architectural-element logs. Global proportions from interpreted architectural-
elements logs are not rescaled and reflect architectural-element proportions based on 
the logs. Input global proportions of channel-fill and crevasse-splay architectural 
elements for all object-based models are included in Appendix G. 
 Three-dimensional architectural-element object shapes are modeled after 
outcrop analog geometries (observed in cross section) as well as, modern analog 
studies of fluvial sandstone deposits (Sommer, 2007; Cole et al., 2008; Pranter et al., 
2009). The approach in which to model fluvial point-bar and channel-bar deposits is a 
subject of much debate, based on differing interpretations of how point-bar and 
channel-bar deposits exist in nature. Figure 30 represents the plain-view geometry of a 
fluvial channel and distribution of point-bars at a “snap-shot” in time. At this point in 
time, point-bars could either form isolated deposits (Figure 30a), or channel-floor 
sandstone ribbon deposits could connect point-bars to form a “string of beads” pattern 
(Figure 30b, Donselaar and Overeem, 2008), each of which are preserved deposits 
from a low-gradient, mixed-load fluvial system. Due to changes such as channel 
sinuosity, scouring, abandonment, and amalgamation, preservation of point-bar deposit 
95
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 shape and distribution is variable and could result in either of the “end member” 
scenarios (isolated deposits or a “string of beads” pattern). Because these processes 
occur through time, the ultimate preserved shape and distribution of the deposits will 
commonly be highly variable (i.e., from more elongate to more circular in plain-view 
shape); that is, the preserved rock record is commonly a relatively complex mosaic of 
fluvial deposits, built from partially eroded remnants of the genetic elements of the 
active river (North and Davidson, 2010). For meandering-river systems, such as the 
lower Williams Fork Formation, lower net-to-gross ratio intervals preserve 
discontinuous, or isolated fluvial sandstone bodies that are equidimensional to 
elongate. Middle and upper Williams Fork Formation fluvial systems result in higher 
net-to-gross ratios, where sandstone bodies are amalgamated and form multistory and 
larger amalgamated channel complexes. Given the variability and uncertainty of plan 
and cross-sectional views of point-bar and channel-bar deposits throughout the 
Williams Fork Formation, ellipsoid geometries that have external geometries of flat 
bases and rounded tops are used to represent these deposits in 3-D architectural-
element models (Figure 31a). Fan-shaped objects with rounded-base and flat-top 
external geometries represent crevasse-splay deposits (Figure 31b).  
Dimensional parameters for architectural elements vary stratigraphically (lower-
to-middle-to-upper Williams Fork Formation), as well as by fluvial deposit (e.g., point 
bar, channel bar, or crevasse splay). Necessary dimensional parameters for object-
based modeling include width, width-to-length ratio, thickness, and orientation. All 
dimensional parameters are modeled with triangular distributions, which is a continuous 
probability distribution defined in order to approximate a minimum limit, a median value, 
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 and a maximum limit of the actual data. Triangular distributions are utilized for all 
dimensional parameters in all three object-based modeling scenarios (Appendix G).  
Lower Williams Fork Formation point-bar deposits and middle-to-upper Williams 
Fork Formation channel-bar deposits have minimum, median, and maximum widths 
(width perpendicular to the paleoflow direction) of 55.1 ft, 270 ft, and 618 ft, and 138 ft, 
500 ft, and 1030 ft (16.8 m, 82.4 m, and 188 m, and 42.1 m, 152 m, and 314 m), 
respectively. Width-to-length ratios also differ between point bars and channel bars. 
Channel bar width-to-length ratios range from 0.3 to 0.8 with a median of 0.5, and point 
bar width-to-length ratios range from 0.8 to 1.4, with a median of 1.0. Thicknesses of 
both channel-fill deposits throughout the stratigraphic interval (minimum, median and 
maximum) are 3.9 ft, 11.8 ft, and 29.9 ft (1.2 m, 3.6 m, and 9.1 m). Dimensional 
modeling parameters for crevasse-splay deposits are unchanged throughout the 
Williams Fork Formation. Triangular distributions for width, width-to-length ratios, and 
thickness are as follows, respectively: 50.1 ft, 199 ft, 602 ft (15.3 m, 60.7 m, 183 m); 
0.6, 0.8, 1.2, and; 1 ft, 4.7 ft, 15 ft (0.3 m, 1.4 m, 4.6 m). A summary of sandstone-body 
dimensional parameters and object shapes used in all object-based modeling 
scenarios is included in Table 8. 
Orientations of fluvial architectural-element objects are based on paleoflow 
azimuths measured in outcrop observations at Coal Canyon (Cole and Cumella, 2005; 
Appendix C). Model input orientations differ from paleoflow measurements, in that 
paleoflow measurements must be rotated 90° to align with the model orientation along 
the major width or apparent width axis. As mentioned earlier (Chapter II), each 
architectural element is interpreted as either “A” or “B” to overcome software limitations 
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 during architectural-element log interpretation. Therefore, each set (“A” and “B”) of 
point-bar and crevasse-splay deposits have unique orientation parameters (Appendix 
G).  
For object-based modeling, all objects follow a set of erosion and truncation 
rules. In all three scenarios, channel-bar, point-bar, and crevasse-splay objects replace 
previously placed objects. In this way, older sandstone bodies are eroded or truncated 
by younger sandstone bodies to create amalgamated or stacked sandstone bodies. In 
outcrop analogs of the Williams Fork Formation in Coal Canyon, the corresponding 
sandstone bodies would be single-story channel bodies stacking to create multistory 
channel bodies.   
Fluvial sandstone deposits in all three object-based scenarios are modeled with 
a coal and floodplain property background to simulate overbank and coal seams that 
are not modeled as objects. This coal and floodplain 3-D property background is 
created through indicator-based simulation of only coal and floodplain (or coal and 
mudrock when constrained to basic- and refined-lithology logs). Variograms, global 
proportions of lithologies, and vertical proportion curves of coal and floodplain 
background models are the same as their respective coal and mudrock lithologies or 
coal and floodplain architectural elements in original (input) well logs for all fluvial 
intervals (zones). Coal zones that are 100% coal are deterministically modeled as coal 
zones and shallow-marine sandstone zones (middle and upper sandstones) are 
modeled using indicator-based simulation in all model scenarios (Appendix G). 
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 Results  
 The three different object-based modeling scenarios allow for the evaluation of 
changes in the stratigraphic distribution and architecture of fluvial sandstone bodies 
within the Williams Fork Formation. Constraining object-based models to all three 
discrete logs (lithology and architectural element) is a useful tool to qualitatively and 
quantitatively compare the modeling approaches and are used to understand fluvial 
sandstone-body static connectivity.  
Model cross sections and layer slices through each object-based scenario are 
shown in Figure 25 and 26. Global proportion (percentage) differences between 
conditional lithology and architectural-elements logs and the resulting models are less 
than about 3% (Figure 29). Vertical proportion curves of the resulting models are also 
honored (Figure 32). Stratigraphic changes in the proportions of sandstone-body type 
are also observed. In the lower Williams Fork Formation, the point-bar-to-crevasse-
splay ratio is approximately 1.7:1, while middle-to-upper Williams Fork Formation 
channel-bar-to-crevasse-splay ratios are about 2.3:1. This change in sandstone-body 
type proportions is observed in the three object-based scenarios. 
 
SEQUENTIAL-GAUSSIAN SIMULATION OF EFFECTIVE POROSITY 
 Sequential-Gaussian simulation was used to model effective porosity. This 
modeling method is similar to indicator-based simulation used herein in that it is 
constrained to well data, variograms, and global histograms of the property. The 
geostatistical algorithm assumes that continuous data are normally distributed.  To be 
certain this is the case, a normal-score transform is first applied to the effective-porosity 
data to transform them to a normal distribution. Utilizing the now normally distributed 
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 data, values are simulated in one cell at a time (Deutsch and Journel, 1998; Bohling, 
2005; Asghari et al., 2009; Shephard, 2009). Each cell is visited only once until all cells 
are simulated. Resultant model histograms produce the same variation and ranges of 
values as input histograms (Appendix H). Petrophysical properties can be simulated 
within or “biased to” discrete properties in the stochastic simulations.  
 
Methods 
Effective porosity is modeled using sequential-Gaussian simulation for the 
Williams Fork Formation. Ten (10) model scenarios are conducted using the different 
input lithology or architectural-element models and are conditioned to the effective-
porosity logs, variograms, and histograms of effective porosity. Effective porosity 
values range between 0 and 14%.  
Several porosity scenarios were investigated. The first was a simplistic scenario 
for comparison to the others in which effective porosity was interpolated between wells 
using kriging. Using this method, the effective porosity was not constrained to lithology 
or architectural elements. The remaining nine (9) scenarios of effective porosity are 
conditioned to well data and to fluvial and shallow-marine deposits in each of the six 
lithology and architectural-element models. Coal and mudrock were deterministically 
set to 0% effective porosity. Six scenarios simulate effective porosity within sandstone 
bodies randomly, and three scenarios simulate within sandstone bodies with either an 
increasing- or decreasing-upward effective porosity 3-D intra-body trend. 
The three scenarios conditioned to sandstone bodies with an imposed 3-D intra-
sandstone-body trend simulate effective porosity trends observed in outcrop and core 
of channel-fill and crevasse-splay deposits (Figure 33). Scenarios with intra-body 
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 trends are created to, ultimately, determine static connectivity of pay, when 
petrophysical properties seen in outcrop and core are applied. When effective porosity 
is simulated within a defined channel-fill sandstone body (i.e., point bar or channel bar), 
a decreasing-upward trend from 14% at the base to 0% at the top was applied. For 
simulations within defined crevasse-splay deposits, an increasing-upward trend of 0% 
to 14% was utilized. In the scenario conditioned to the object-based simulation of basic 
lithology, only a decreasing-upward trend was applied, due to computer limitations. 
This computer limitation is due to the fact that, because all objects (channel fill and 
crevasse splay) are classified as sandstone from basic-lithology logs, all objects must 
then have the same intra-body parameters and characteristics. The scenario 
conditioned to object-based simulation of refined lithology defines clean sandstone and 
shaley sandstone as channel-fill and crevasse-splay sandstone bodies, respectively. 
Intra-body trends are, therefore, applied to their respective sandstone-body 
classification. 
Variogram analysis of effective porosity spatial variability for each of the ten (10) 
model scenarios is conducted, producing experimental variograms and variogram polar 
plots. Based on this analysis, effective porosity minimum and maximum ranges, vertical 
ranges, and direction of maximum spatial continuity (azimuth) are used as input 
parameters for sequential-Gaussian simulations. Variogram data for each modeling 
scenario is included in Appendix H. All scenarios are modeled with a spherical 
variogram model with no nugget effect. 
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 Results 
 Ten (10) sequential-Gaussian simulations of effective porosity were created, 
which are conditioned to well data, variograms, and histograms of effective porosity 
(Figure 34). In cases were effective porosity is only conditioned within sandstone 
bodies, simulations honored the intra-body constraints. Histograms of effective porosity 
distributions of conditional logs compared to conditioned model scenarios are included 
in Appendix H. Multiple cross sections and layer slices are analyzed and confirm the 
conditioning of effective porosity to well data, and fluvial sandstone deposits, in models 
where this was a conditioning requirement (Figures 35 and 36).  
 The primary goal of sequential-Gaussian simulation models of effective porosity 
within the Williams Fork Formation is for input variables for pay determination analysis 
and connectivity analysis of pay. Further discussion of these models is included in the 
following chapter.  
 
DISCUSSION 
Sandstone lithologies in indicator-based models of basic lithology are much 
more generalized and only represent sandstone distribution. In contrast, the indicator-
based models of refined-lithology allow for a better understanding of reservoir versus 
non-reservoir sandstone deposits for the main purpose of connectivity analysis. 
Because the refined lithology scheme is defined by sandstone grain-size and porosity 
trends, the upward-increasing stratigraphic trend of cleaner, relatively higher porosity 
sandstones indicates the potential spatial distribution and variability of more “reservoir 
quality” deposits in the middle-to-upper Williams Fork Formation. Further analysis of 
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 static-connectivity of sandstone deposits and the effect of reservoir quality sandstones 
on connectivity will be discussed in the following chapter of this thesis. 
The use of the 3-D seismic-derived probability volume in one of the modeling 
scenarios was utilized to compare spatial results of sandstones in this highly dense 
model area to a comparable model with no aerial constraint. Comparing the two 
indicator-based models of basic lithology, there is very little change in percent and 
spatial distribution of sandstone deposits (Figures 25 and 26). It is, therefore, 
concluded that the 3-D seismic-derived probability volume does not have a great effect 
on high-density well patterns, such as in this study. In areas of less well density such 
as Jonah Field of the Wyoming Green River Basin, the well density is lower, and the 3-
D seismic-derived probability volume has more of an impact on the model results 
(Michelena, 2009), as compared to cases with abundant, high-density well control.  
All indicator-based scenarios are constrained to variograms with correlations 
lengths that have little variation from the lower-to-middle-to-upper Williams Fork 
Formation. Therefore, the main control on the spatial distribution of sandstone deposits 
during the modeling process is the net-to-gross ratio (i.e., 60-80% net-to-gross ratio in 
the middle Williams Fork Formation as compared to 30-76% net-to-gross in the lower 
Williams Fork Formation). 
Compared to indicator-based scenarios, object-based models show a very 
different representation of the sandstone bodies (i.e., architectural elements). Object-
based models in this study compare changes in sandstone-body distribution and 
stratigraphic proportions, while indicator-based models represent the spatial continuity 
of sandstone deposits. Overall visual and statistical trend changes of lithology and 
architectural elements are comparable between the two modeling methods, yet object-
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 based models are based on more realistic conditioning parameters (e.g., dimensional 
statistics, orientation, and shape) that were observed and obtained from outcrop 
analogs. Object-based models, therefore, could more closely resemble spatial 
distributions and dimensional characteristics of fluvial sandstone bodies (point bars, 
channel bars, and crevasse splays) of the Williams Fork Formation. Indicator-based 
scenarios simulating the same sandstone deposits (basic or refined lithology schemes) 
could be considered less geologic, due to theoretical parameters (e.g., variograms) that 
produce elongate, continuous (or discontinuous) sandstone deposits, with no 
conditioning to outcrop-based statistics or observations. 
Lithology-constrained object-based models created in this study are more 
generalized than object-based models constrained to interpreted architectural-element 
logs. The reason for this is that input global percentages and the placement of 
architectural elements (specifically at the well) in lithology-constrained models are 
estimated and assigned without taking into consideration the interpreted architectural-
element criteria. Sandstone bodies in lithology-constrained object-based models that 
are placed at the wells do not necessarily have the same log signature trends or cutoffs 
that would correlate to a specific architectural-element (e.g., point bar, channel bar, or 
crevasse splay), as compared to sandstone deposits interpreted in architectural 
element logs that are initially interpreted following such criteria. Therefore, lithology-
constrained object-based models can be considered “base-case scenarios,” and 
object-based scenarios constrained to architectural-element logs could more closely 
represent architectural-element distributions in the subsurface. 
 In all model scenarios the low net-to-gross ratio (30-70% sandstone), lower 
Williams Fork Formation consists of discontinuous sandstone bodies, with a channel-
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 fill-to-crevasse-splay ratio of 1.7:1. In the middle and upper Williams Fork Formation, 
sandstone bodies are more amalgamated or stacked and result in net-to-gross ratios of 
50-80% and 15-60%, respectively. Channel-fill-to-crevasse-splay ratios in the middle 
and upper units of the formation are 2.5:1 and 2.3:1, respectively. These statistics 
observed in 3-D models are comparable to those observed in outcrop analogs of the 
Williams Fork Formation at Coal Canyon, Main Canyon, and Plateau Creek Canyon 
where net-to-gross ratios are ~30-60% in the lower Williams Fork Formation and 50-
80% in the middle and upper Williams Fork Formation, and there is an overall 2:1 
channel-fill-to-crevasse splay ratio. Due to varying net-to-gross and channel-fill-to-
crevasse-splay ratios, sandstone-body distribution varies throughout the Williams Fork 
Formation, and static-connectivity is effected (to be discussed).  
 
MODELING LIMITATIONS AND UNCERTAINTIES 
Uncertainties arise when interpreting paleocurrent data and dimensional 
statistics (width, length, and width-to-length ratio) of fluvial sandstone bodies in outcrop. 
In outcrops, sandstone bodies are preserved at an oblique cross-sectional view, and 
therefore, true length is unable to be measured. To model these sandstone bodies in 
object-based simulations, such dimensional statistics are needed to most accurately 
represent deposits. Therefore, input dimensional parameters of 3-D objects may not be 
true representations of fluvial sandstone deposits in the subsurface.  
In object-based simulations for this study, there are three main interpretation and 
modeling limitations of fluvial architectural elements within the Williams Fork Formation. 
First, the selection of object shapes that are available to use in the modeling software is 
limiting. Therefore, the geologist or engineer is forced to choose the best 
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 representation of the type of deposit they are modeling. In this study, objects 
representing fluvial sandstone bodies (e.g., channel-bar, point-bar, and crevasse-splay 
deposits) are based on outcrop and modern analogs. External geometries for these 
deposits are analyzed and the appropriate 3-D discrete object is utilized in object-
based simulations.  
As mentioned earlier, point-bar (or channel-bar) deposits’ spatial preservation 
and distribution within a meander belt, in plan-view, is variable when accounting for 
channel sinuosity, scouring, abandonment, and amalgamation of channels. Thus, the 
choice of object shapes and pattern in which to model them (i.e., “string of beads” or 
isolated sandstone bodies; Donselaar and Overeem, 2008) is subject to interpretation 
and software limitations. Object-based modeling in the Petrel software package is 
restricted to placing individual objects at random, while honoring well and dimensional 
data. A “string of beads” geometry is unable to be represented with the Petrel software 
package using object-based simulations, therefore, fluvial sandstone bodies are 
presumed to be isolated, unless scoured into or amalgamated with a previously placed 
object.  
When interpreting fluvial architectural elements, one is not able to interpret or 
“code” a fluvial architectural element (e.g., point bar, channel bar, or crevasse splay) 
adjacent to or stacked on top of the same fluvial architectural element. In the modeling 
program, if this were to be done, the result would be one massive or amalgamated 
fluvial deposit. To overcome this interpretation limitation, without placing mudrock 
layers between sandstone deposits, two different codes, “A” and “B”, were created for 
each fluvial architectural element. Throughout the interpretation process of 
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 architectural-element logs, “A” and “B” codes are alternated and result in equal 
percentages of each point bar, channel bar, or crevasse splay.  
Finally, horizontal (aerial) constraints are limited in the geological modeling 
presented herein. One way to resolve this is to use a 3-D seismic probability volume. In 
this study a seismic probability volume was utilized in one scenario, indicator-based 
simulation of basic lithology. When two or more sandstone variables are introduced 
(i.e., clean and shaley sandstone, or point-bar/channel-bar and crevasse-splay 
sandstone bodies) the seismic probability volume would need to be rescaled to the 
multiple sandstone proportions. Therefore, the 3-D seismic probability volume was not 
used as an aerial constraint in the remaining, five lithology and architectural-element 
models. Another uncertainty of the 3-D seismic-derived sandstone probability volume is 
that it is an estimation of the probability of thick sandstones. This is a very generalized 
characterization when modeling single, not stacked, fluvial sandstone deposits. There 
is no definitive interpretation of what the thick sandstones represent, and therefore 
could be one massive or a combination of (stacked) channel-fill (i.e. point-bar or 
channel-bar) or overbank (i.e., crevasse-splay) deposits.  
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 CHAPTER FOUR 
STATIC CONNECTIVITY OF FLUVIAL SANDSTONE-BODIES AND PAY 
 
FLUVIAL STATIC CONNECTIVITY  
The analysis of static connectivity of sandstone bodies can be approached in a 
variety of ways. According to Ainsworth (2005), the main types of connectivity are 
depositional, structural, or diagenetic. Depositional connectivity, which is assessed in 
this study, is dependent upon sandstone-to-shale ratios, and sandstone body 
depositional architectures (Ainsworth, 2005). Structural connectivity is associated with 
syn- and post-faulting characteristics, while diagenetic connectivity is related to 
dynamic fluid-flow within sandstone bodies as a function of petrophysical properties 
(Ainsworth, 2005). From connectivity studies, the behavior and communication of 
hydrocarbon reservoirs can be evaluated and predicted for the development of oil and 
gas fields (Larue and Hovadik, 2006; Hovadik and Larue, 2007). 
In this study, static connectivity is qualified and quantified to address the spatial 
variability of fluvial sandstone bodies and associated pay within the lower and middle 
Williams Fork Formation. The stratigraphic intervals are believed to represent different 
fluvial depositional settings and reflect a change from lower net-to-gross ratio (30-60% 
sandstone), discontinuous or isolated sandstone bodies within the lower Williams Fork 
Formation, to higher net-to-gross ratio (50-80% sandstone), amalgamated and more 
continuous packages in the middle Williams Fork Formation (Johnson, 1989; Lorenz, 
1989; Law, 2002; Cumella and Ostby, 2003; Cole and Cumella, 2003, 2005; Johnson 
and Roberts, 2003; Cumella et al., 2005; Pranter et al., 2007, 2009).  
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 Two approaches are conducted to evaluate static connectivity. The first 
assessment qualitatively investigates connectivity of channel-fill sandstone deposits 
within the Paonia Shale Member (lower Williams Fork Formation) and the middle 
Williams Fork Formation by analyzing two north-south cross sections located in the 
northeast quarter of Section 20 of the study area. Wells on each cross section are 
spaced about 330 ft (100 m) apart at the reservoir level and thus provide a dense 
lateral control for the correlation of sandstone deposits (e.g., point bars and channel 
bars). The second approach quantifies static connectivity for the multiple scenarios of 
fluvial sandstone deposits within the Paonia Shale Member and middle Williams Fork 
Formation.  
Static connectivity is the quantification of how reservoirs are in communication 
with one another and can be an indicator of hydrocarbon productivity (Larue and 
Hovadik, 2006; Hovadik and Larue, 2007). In this study, static connectivity (expressed 
as a %) is defined as the total volume of sandstone or pay connected to wells either 
directly or indirectly (i.e., through amalgamation) divided by the total volume of 
sandstone present in a given lithology or architectural-element model (Larue and 
Hovadik, 2006; Sommer, 2007; Pranter et al., 2009). This measure of static 
connectivity does not account for dynamic flow of fluids through the reservoir. In 
contrast, reservoir connectivity has been described as the portion of a reservoir that is 
connected to wells and is also measured as a percentage (the volume of reservoir rock 
that is connected to wells divided by the total volume of reservoir rock; Larue and 
Hovadik, 2006). 
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 2-D Qualitative Connectivity   
Methods 
To qualitatively estimate the connectivity of fluvial sandstone deposits in the 
Williams Fork Formation at central Mamm Creek Field, a subset of the wells in the 
study area is used to correlate channel-fill sandstones. Two north-south cross sections 
are evaluated and are located in the northeast quarter of section 20 T6S R92W (Figure 
37). Each cross section consists of 18 wells, which are spaced approximately 330 ft 
(100 m) apart. Point bars in the Paonia Shale Member of the lower Williams Fork 
Formation, and braided to amalgamated channel bars in the middle Williams Fork 
Formation are correlated in each cross section to manually interpret fluvial sandstone-
body static connectivity. Crevasse splays are not correlated in cross sections because 
widths (50.1 to 602.4 ft [15.3 to 183.6 m]) of the sandstone bodies observed in outcrop 
are relatively shorter, and thus more uncertainty would arise if the deposits were 
correlated at 330 ft (100 m) well spacing. The cross sections are oriented 
approximately perpendicular to the paleoflow direction (Collins, 1976; Cole and 
Cumella, 2005; Sommer, 2007; Cole et al., 2008). Therefore, interpreted channel-fill 
deposits more than likely represent views of the deposits in that orientation 
(perpendicular to paleoflow). 
Correlating and interpreting individual fluvial sandstone deposits is a difficult task 
when only utilizing well logs. The same criteria for channel-bar and point-bar deposits 
utilized in interpreted architectural-element logs is applied to interpret channel-fill 
deposits for this qualitative connectivity analysis. Both cross sections are datumed on a 
correlatable coal horizon (Coal “J”). Coal J is the stratigraphically highest, locally 
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 correlatable coal bed within the Williams Fork Formation at central Mamm Creek Field. 
The coal bed is approximately 50 ft (15 m) above the base of the Paonia Shale 
Member and is used because it is not an erosional surface and is very flat. Above this 
datum, gamma-ray, neutron-porosity, and density-porosity logs are utilized to correlate 
fining-upward gamma-ray packages with moderate-to-high porosities (density-porosity 
of 0.05 - 0.25) in the upper-most 750 ft (228 m) of the Paonia Shale Member, and 
entire middle Williams Fork Formation. The entire stratigraphic interval correlated is 
approximately 1,100 ft (335 m). 
Channel-fill deposits amalgamate together frequently, especially in the middle 
Williams Fork Formation interval, and interpretation of correlatable deposits is carefully 
assessed for geologic accuracy. The lateral termination or “pinch out” of a channel fill is 
identified when no fining-upward sandstone correlation is evident in the adjacent well 
(i.e., presence of floodplain or overbank deposit). It is important to note that it is 
unknown whether or not individually interpreted channel-fill deposits, in both cross 
sections, were deposited at the same time or within the same meandering-river system. 
To understand manual-versus-computer interpretation of channel-fill deposits, 
correlated cross sections are compared to corresponding vertical transects in 3-D 
reservoir models (Figures 24 and 37). This technique allows for a visual comparison of 
interpretation methods between applying manual interpretations of channel-fill deposits 
using log signature criteria and utilizing computer-based algorithms to place 3-D 
channel-fill objects.  
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 Results 
Interpreted cross sections from the northeast quarter of Section 20 result in a 
detailed, manual representations of how channel-fill deposits within the Paonia Shale 
Member and middle Williams Fork Formation are connected (Figure 38). In both, north-
to-south transects, there is distinctly higher net-to-gross ratio and higher amount of 
connectivity of channel-fill deposits in the middle Williams Fork Formation, as 
compared to the Paonia Shale Member of the lower Williams Fork Formation. 
Sandstones are isolated and discontinuous in the Paonia Shale Member interval, as 
compared to stacked or amalgamated sandstone packages within the middle Williams 
Fork Formation. This stratigraphic change of net-to-gross ratios and fluvial sandstone 
distribution is in agreement with outcrop observations and statistics at Coal Canyon 
and Plateau Creek Canyon (Cole and Cumella, 2005; German, 2006; Sommer, 2007; 
Pranter et al., 2009).  
Comparing continuity and connectivity of channel-fill deposits for the manually 
interpreted cross sections with corresponding transects from the object-based and 
calculated pay models, channel-body abundance and distribution within the middle 
Williams Fork Formation and Paonia Shale Member is different (Figures 38, 39 and 
40). The object-based model of architectural elements is rescaled and color-coded in 
order to compare channel-fill sandstone bodies within a non-channel fill background 
(Figure 39).  A greater amount of channel-bar amalgamation and connectivity is seen 
the middle Williams Fork Formation interval in manually interpreted cross sections, as 
compared to transects of the object-based model. Channel bars are less amalgamated 
and stacked in the object-based model, yet the interval is relatively high net-to-gross 
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 ratio. Within the Paonia Shale Member, point-bars are more abundant in object-based 
cross sections, but are not laterally continuous as those interpreted in the cross 
sections. Connectivity and distribution of pay in both stratigraphic intervals is much 
lower than sandstone connectivity and distribution in manually interpreted cross 
sections.  
Correlating sandstone bodies across larger areas or between wells spaced at 
larger distances would prove to be difficult based on channel-fill body widths observed 
in outcrop. In 2-D cross sections, interpreted complete channel bodies (sandstone 
bodies not terminating at the ends of cross sections) vary from about 330 to 2,970 ft 
(100 to 905 m) in the Paonia Shale Member, and 330 to 3,630 ft (100 to 1,106 m) in the 
middle Williams Fork Formation. Thicknesses of interpreted sandstone bodies range 
from approximately 5 to 60 ft (2 to 18 m) in the Paonia Shale Member, and 15 to 100 ft 
(4.6 to 30 m) in the middle Williams Fork Formation. Compared to sandstone-body 
dimensions observed in outcrop, width and thickness statistics of interpreted channel-
fill deposits in cross section are much larger and may represent multistory or larger 
amalgamated channel bodies.  
 
3-D Quantitative Connectivity  
Methods 
To determine 3-D static connectivity of fluvial sandstone bodies within the 
Paonia Shale Member and middle Williams Fork Formation, all three-dimensional 
lithology and architectural-element models created in this study are analyzed directly or 
indirectly. Indicator-based and object-based lithology and architectural-element models 
125
 are calculated for sandstone-body connectivity using three scenarios: (1) for all 
sandstone bodies, (2) for “reservoir quality” sandstones, and (3) for calculated pay. 
Connectivity associated with differing well-density configurations is also assessed for 
the current irregular 10-ac (330 ft [100 m] in the north-south direction and 1,320 ft [402 
m] in the east-west direction) density, as well as, imposed 40-ac (1,320 ft; 402 m) and 
160-ac (2,640 ft; 805 m) well configurations. Variability of fluvial sandstone-body and 
associated pay connectivity between the Paonia Shale Member and middle Williams 
Fork Formation intervals is compared. 
Three-dimensional models are analyzed for static connectivity in multiple 
scenarios. First, static connectivity of all sandstone bodies in indicator-based and 
object-based models are computed for a total of six scenarios. A more refined 
connectivity assessment is calculated for three additional scenarios to determine 
connectivity of “reservoir quality” sandstone or sandstone bodies. “Reservoir quality” 
sandstones are defined in this connectivity analysis as having higher porosities (~ ! 
4%) and have fine-to-medium grain sizes. These sandstones are considered the main 
reservoirs for gas as determined by previous fluid-flow simulations in Mamm Creek 
Field (Reinaldo Michelena, personal communication; Patricia Rodrigues, personal 
communication). Reservoir sandstones and sandstone bodies include those in basic-
lithology logs, clean sandstones in refined-lithology logs, and point-bar and channel-bar 
architectural elements.  
Finally, pay intervals are determined for 9 scenarios through a series of 
calculations to analyze connectivity of pay (Marc Connolly, personal communication). 
All calculations are conducted on 3-D model volumes: 
126
 (1) Pay = if (Reservoir Flag > 0 and BVW ! 0.05, 1, 0) 
(2) BVW = PHIE * Sw 
(3) Sw = [ Formation Factorsandstone ( Rw / RILD ) ] 
2 
(4) Formation Factorsandstone = 0.81 / PHIE 
2 
where, “reservoir flags” have the same criteria as “reservoir quality” sandstone bodies 
and “PHIE” (effective porosity) is one of 9 sequential-Gaussian model scenarios 
constrained to sandstone bodies in this study. A water resistivity (Rw) volume is created 
with a constant value of 0.15 based on average Rw values for fluvial sandstones of the 
Williams Fork Formation in the Last Dance core (Marc Connolly, personal 
communication). Finally, deep resistivity (RILD) for the 91 wells is kriged in the 3-D 
model domain to create a 3-D resistivity volume (see Appendix I for input parameters). 
In all, 18 static connectivity assessments are conducted for the irregular 10-ac 
(330 ft [100 m] in the north-south direction and 1,320 ft [402 m] in the east-west 
direction) well density. Static connectivity calculations are limited to only one subset of 
the study area—the northeast quarter of Section 20 (Figure 41). Well spacings at 
irregular 10-ac density are 330 ft (100 m) in the north-south direction and 1,320 ft (402 
m) in the west-east direction. For connectivity analysis at 40-ac (1,320 ft; 402 m) and 
160-ac (2,640 ft; 805 m) well density, two of the modeling scenarios, indicator-based of 
refined lithology and object-based constrained to architectural elements, are analyzed 
for a total of 14 scenarios. The well pattern for a 40-ac well density is determined from 
current wells that are approximately spaced at 1,320 ft (402 m) (Figure 42), totaling 28 
wells in the model area. Eight (8) pseudo-wells, utilizing existing well paths from model 
wells, are repositioned at 160-ac density and spaced 2,640 ft (805 m) apart in the 
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 model area (Figure 42). Model volumes assessed at all well density scenarios are 
approximately 2,600 ft x 2,100 ft (800 m x 640 m) in area and 1,200 ft (360 m) thick.  
 
Results 
 First, scenarios in which all sandstone bodies are considered connected (no 
discriminatory factor) indicates very high to nearly completely connected sandstone 
bodies at irregular 10-ac (330 ft [100 m] in the north-south direction and 1,320 ft [402 
m] in the east-west direction) well density, with a gradual decrease in connectivity at 
40-ac (1,320 ft; 402 m) and 160-ac (2,640 ft; 805 m) well densities (Figures 43, 44, 45 
and 46). When decreasing well densities to 40-ac (1,320 ft; 402 m) and 160-ac (2,640 
ft; 805 m), there is an overall 2% decrease (1-2% in the middle Williams Fork 
Formation; 2-3% in the Paonia Shale Member) in static-connectivity for indicator-based 
scenarios. An overall decrease in connectivity of 9-26% (15-18% decrease in the 
middle Williams Fork Formation; 9-30% decrease in the Paonia Shale Member) occurs 
in object-based scenarios (Figure 46). Across all modeling methods, sandstone bodies 
in the middle Williams Fork Formation are 60.7-99.3% connected, while the Paonia 
Shale Member sandstones are 48.2-99.1% connected. Therefore, when comparing 
static-connectivity of sandstones bodies at varying stratigraphic intervals across all the 
modeling methods, there is a 1-15% increase in static connectivity at higher net-to-
gross ratio intervals (middle Williams Fork Formation; 50-80% sandstone) than in lower 
net-to-gross ratio intervals (lower Williams Fork Formation; 30-76% sandstone). 
Modeling methods have an effect on sandstone connectivity, as well, where indicator-
based sandstone-body connectivity at irregular 10-ac (330 ft [100 m] in the north-south 
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 direction and 1,320 ft [402 m] in the east-west direction) well density ranges from 96.6-
99.2%, as compared to 52.2-98.4% connectivity in object-based scenarios (Figures 43, 
44, and 45).  
For the three static-connectivity scenarios accounting for only “reservoir quality” 
sandstones (clean sandstones in indicator-based simulation of refined lithology and 
object-based simulation constrained to refined lithology, and channel bars and point 
bars in object-based simulation constrained to architectural elements), there is a 
decrease in sandstone connectivity for irregular 10-ac (330 ft [100 m] in the north-south 
direction and 1,320 ft [402 m] in the east-west direction) well densities, as compared to 
“all sandstone” scenarios (Figure 45). Reservoir sandstones in the middle Williams 
Fork Formation are 46.5-58.5% connected, while reservoir sandstones in the Paonia 
Shale Member are 28.9-42.7% connected. Overall, static connectivity decreases by 
52.1-56.3% (42.3-43.5% decrease in the middle Williams Fork Formation; 56.2-62.7% 
decrease in the Paonia Shale Member) in scenarios where only clean sandstone is 
considered reservoir (indicator-based simulation of refined lithology and object-based 
simulation of refined lithology). On the other hand, there is only an overall 4.3% 
decrease (2.2% decrease in the middle Williams Fork Formation; 4.5% decrease in the 
Paonia Shale Member) in reservoir sandstone connectivity in the object-based scenario 
constrained to architectural elements. Results from reservoir sandstone scenarios 
indicate that static connectivity is affected more when constrained to refined-lithology 
logs as opposed to architectural-element logs. The decrease in static connectivity is a 
result of being more selective in the connectivity assessment. All shaley sandstones in 
refined-lithology logs or crevasse splays in architectural-element logs may not 
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 necessarily be non-reservoir, and therefore, a lower estimation of connectivity results. 
Well density configurations with irregular 10-ac, 40-ac and 160-ac (330 ft [100 m] in the 
north-south direction and 1,320 ft [402 m] in the east-west direction; 1,320 ft [402 m]; 
2,640 ft [805 m], respectively) patterns, also, have a direct effect on connectivity of 
sandstone and reservoir bodies, in which there is a decrease in sandstone-body 
connectivity with decreasing well density (Figure 46).  
Similar static-connectivity results of sandstone and reservoir bodies are 
observed for pay scenarios (Figures 43, 44, and 47). In the nine scenarios, pay 
intervals are calculated with more detailed criteria, which, as compared to other 
scenarios in this study, reduce connectivity results. Compared to sandstone and 
reservoir-body connectivity, calculated pay volumes are 34-74.8% less connected 
overall (30.5-65.9% less connected in the middle Williams Fork Formation; 33.7-78.2% 
less connected in the Paonia Shale Member). Pay scenarios calculated from reservoir 
models constrained to refined lithology result in the greatest decrease of static-
connectivity. Imposing a 3-D intra-sandstone-body porosity trend within sandstone 
bodies of object-based scenarios, results in an overall 8% to 20% decrease in 
connectivity as compared to scenarios without an intra-body trend (Figure 47). The 
middle Williams Fork Formation and Paonia Shale Member intervals yield higher and 
lower pay connectivity percentages, respectively, which agree with respective 
stratigraphic intervals of sandstone and reservoir-body connectivity scenarios. Well 
density exhibits a direct effect on static connectivity of pay, where there is a higher 
percentage of connected pay for irregular 10-ac (330 ft [100 m] in the north-south 
direction and 1,320 ft [402 m] in the east-west direction) configurations, and an overall 
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 decrease in connectivity for 40-ac to 160-ac (1,320 ft [402 m]; 2,640 ft [805 m]) well 
densities (Figure 48).   
 
Discussion 
Net-to-gross ratio observations at outcrop at Coal Canyon reflect a lower net to 
gross ratio (~30%-60%) in the lower Williams Fork Formation with more discontinuous 
sandstone bodies and higher net-to-gross ratio (50% to 80%) in the middle-to-upper 
Williams Fork Formation, where sandstone bodies are more amalgamated and 
connected (Johnson, 1989; Tyler and McMurry, 1995; Hettinger and Kirschbaum, 2002; 
Cole and Cumella, 2003, Cumella and Ostby, 2003; Patterson et al., 2003; Sommer, 
2007; Pranter et al., 2009). Combined with previous studies that correlate net-to-gross 
ratio with well-density configurations, it is intuitive that irregular 10-ac (330 ft [100 m] in 
the north-south direction and 1,320 ft [402 m] in the east-west direction) well densities 
in this study will be nearly or completely connected (in regard to static connectivity).  
Qualifying and quantifying static connectivity of sandstone bodies in the 
subsurface through multiple methods and scenarios allows for a greater understanding 
of the possible sandstone-body distribution for field development and exploitation of 
hydrocarbon reserves. Continuity and connectivity of fluvial sandstone bodies within the 
Williams Fork Formation are assessed qualitatively through a set of cross sections with 
channel-fill deposits correlated at 330 ft (100 m) apart (Figure 38). These cross 
sections illustrate possible scenarios of how channel-fill deposits are laterally 
distributed and connected. Compared to 3-D reservoir models of channel-fill bodies in 
an object-based simulation of architectural elements and calculated sandstone-body 
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 pay for architectural elements, channel-fill deposits in correlated cross sections are 
more laterally connected and abundant in both stratigraphic intervals, with a higher 
amount of connectivity and stacking in the middle Williams Fork Formation and more 
discontinuous, isolated channel bodies in the Paonia Shale Member. Model transects 
of channel-fill deposits indicate a lower amount of connected sandstone deposits, 
especially in the middle Williams Fork Formation. This interval is normally high net-to-
gross ratio with an abundance of stacked or amalgamated sandstone bodies, yet in 
model transects this is not the case due to the nature of object placement in object-
based simulations.  Cross sections of calculated pay in object-based simulation for 
architectural elements, results in even more discontinuity of channel-fill sandstone 
bodies (Figure 40) as compared to the cross sections of architectural elements. Within 
the middle Williams Fork Formation, there is slightly more pay than in the Paonia Shale 
Member, but pay is not amalgamated or stacked as seen in manually interpreted cross 
sections. Pay intervals in both stratigraphic intervals are very discontinuous and rarely 
correlate to more than 1 or 2 wells (330-660 ft [100-201 m]), which is due to the 
selective nature in which pay intervals are calculated with respect to bulk volume water, 
water saturation, and effective porosity cutoffs. 
When analyzing three-dimensional reservoir models, many factors directly 
contribute to changes in static connectivity. These include well density, modeling 
method, net-to-gross ratio, and whether connectivity of all sandstones, reservoir quality 
sandstones, or pay is being calculated. In the end, well density configurations are the 
main controlling factor in static connectivity of sandstone deposits to wells. Overall, 
there is a decrease in connectivity at decreasing well densities (irregular 10-to-40-to-
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 160-ac; 330 ft [100 m] in the north-south direction and 1,320 ft [402 m] in the east-west 
direction; 1,320 ft [402 m]; 2,640 ft [805 m]) (Figures 46 and 48) in all sandstone-body 
connectivity scenarios. The degree to which connectivity decreases is dependent upon 
modeling method and whether or not non-reservoir is included (Figures 45 and 46). For 
indicator-based scenarios, static connectivity decreases 2-3% overall (1-2% decrease 
in the middle Williams Fork Formation; 2-5% decrease in the Paonia Shale Member) at 
each decreasing well density and an overall 9-25% static-connectivity decrease (10-
22% decrease in the middle Williams Fork Formation; 9-30% decrease in the Paonia 
Shale Member) occurs for object-based simulations.  Similarly, in pay scenarios, static 
connectivity decreases at decreasing well densities and is affected by modeling 
methods (Figures 47 and 48). Calculated static connectivity of pay for indicator-based 
simulation of refined lithology has an overall decrease of 3-4% (1-2% decrease in the 
middle Williams Fork Formation; 4% decrease in the Paonia Shale Member). For pay 
calculated from object-based models, static connectivity decreases, overall, 3-9% (6-
13% decrease in the middle Williams Fork Formation; 1-7% decrease in the Paonia 
Shale Member). 
When excluding crevasse splays and shaley sandstone as reservoir, there is a 
decrease in static connectivity as compared to scenarios in which all sandstones are 
considered. There is an overall 4-57% overall decrease in static connectivity (3-43% 
decrease in the middle Williams Fork Formation; 5-64% decrease in the Paonia Shale 
Member) when crevasse splays and shaley sandstones are excluded. Variability of 
static-connectivity percentages is a result from constraining models to either refined 
lithology (greater decrease in static connectivity) or architectural elements (lesser 
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 decrease in static connectivity). Further limiting the static connectivity to only consider 
calculated pay results in an even greater overall decrease (34-74%; 31-66% decrease 
in the middle Williams Fork Formation; 36-79% decrease in the Paonia Shale Member) 
as compared to all sandstone and reservoir quality scenarios. 
The middle Williams Fork Formation, in all scenarios (including 2-D cross 
section connectivity analysis), indicates higher connectivity, while the Paonia Shale 
Member shows lower connectivity. This is due to changes in net-to-gross ratio and 
possible changes in depositional systems of highly discontinuous and isolated point 
bars, deposition by sinuous, meandering rivers in the Paonia Shale Member, to more 
stacked channel bars deposited in braided-river settings in the middle Williams Fork 
Formation. 
 
CHANNEL CLUSTER INDEX 
 Fluvial channel-fill deposits vary throughout the Williams Fork Formation in the 
Piceance Basin. Tectonics, topography, and depositional variability are possible 
reasons for changes in the way fluvial sandstones are deposited. From outcrop studies 
(Cole and Cumella, 2003, 2005; German, 2006; Panjaitan, 2006; Sommer, 2007; 
Pranter 2007, 2009) and 3-D modeling and analysis of fluvial sandstone bodies in this 
study, it is understood that the amount of distribution of amalgamated channels varies 
stratigraphically from the lower-to-middle-to-upper Williams Fork Formation. However, it 
is a significant challenge to correlate sandstone bodies from well-to-well and also a 
challenge to identify and map meander belts. Given this, an attempt to quantify these 
changes, specifically in the Paonia Shale Member of the lower Williams Fork Formation 
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 and middle Williams Fork Formation, is to calculate a channel cluster index. Calculating 
a channel cluster index could provide a method to approximate where and to what 
degree channel-fill deposits are more likely to amalgamate within a given stratigraphic 
interval. The objective is to generate probability maps that provide a spatial constraint 
on the placement of fluvial sandstones in 3-D geologic modeling. Channel cluster 
indexes at wells can be contoured by zone to create maps that are used as probability 
constraints in indicator-based and/or object-based models. 
 
Methods 
 To calculate the channel cluster index, significant stratigraphic intervals of 
interest are selected to analyze variability of amalgamation of channel-fill deposits. In 
this study, channel cluster indexes for the middle Williams Fork Formation and Paonia 
Shale Member intervals are calculated separately. The channel cluster index is defined 
as: 
 
  Channel           total number of amalgamated sandstone bodies             normalized 
   Cluster     =    _______________________________________   X   sandstone-body  
    Index                            thickness         
(CCI)                     total number of sandstone-body zones                           (ft) 
          
 
A schematic drawing of what each variable in the channel cluster index equation 
represents is illustrated in Figure 49. Sandstone bodies represented in the channel 
cluster index equation are channel bars in the middle Williams Fork Formation and 
point bars in the Paonia Shale Member. From the interpreted architectural-element logs 
for all 91 wells within the study area, each sandstone-body thickness is measured and 
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 notated whether it is an amalgamated or isolated sandstone body. Amalgamated 
sandstone bodies are defined as being stacked onto one another, or amalgamated, 
and are bounded by crevasse splay, mudrock, or coal deposits. Sandstone-body zones 
are defined as either the entire sandstone body that forms from amalgamated 
sandstone bodies, or isolated sandstone bodies, which do not stack. Isolated 
sandstone bodies/zones are taken into consideration for normalizing sandstone-body 
thickness, but not counted in the total number of amalgamated sandstone bodies. A 
normalized sandstone-body thickness of all isolated and amalgamated sandstone 
bodies within each stratigraphic interval is computed for the entire study area. The 
channel cluster index is calculated at each well for both stratigraphic intervals and 
ranges from 0 to 1 (Appendix J). For each stratigraphic interval, a contoured map of 
channel cluster indexes is created to show the probability of occurrence of 
amalgamated fluvial channel-fill deposits (Figure 50).  
 
Results 
 Channel cluster indexes are calculated separately for the middle Williams Fork 
Formation and Paonia Shale Member intervals at each of the 91 wells within the study 
interval. Contoured maps of each stratigraphic interval are presented in Figure 50. 
According to channel cluster index maps, channel-fill deposits in the middle Williams 
Fork Formation and Paonia Shale Member cluster more in the northwest portions of 
Section 20 and 21 of the study area. Channel cluster indexes range from 0.54 to 1 in 
the middle Williams Fork Formation interval, and 0.52 to 0.96 in the Paonia Shale 
Member. Although channel cluster index ranges are similar for both stratigraphic 
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 intervals, the middle Williams Fork Formation has a slightly higher channel cluster 
index median of 0.76 (as compared to 0.62 in the Paonia Shale Member). Since higher 
channel cluster indexes correlate to areas where channels may have a much higher 
tendency to be amalgamated, the middle Williams Fork Formation consists of relatively 
more amalgamated channel-fill deposits, as compared to the Paonia Shale Member. 
This result is conclusive with outcrop and 3-D modeling observations. 
 Channel clustering indexes trends do not indicate a distinct azimuth of 
preferential deposition of fluvial sandstones that correlates to the observed 
paleocurrent directions in outcrop (approximately east-west or 91°) (Cole and Cumella, 
2003, 2005; Panjaitan, 2006; Sommer, 2007; Pranter et al., 2009), yet there is a slight 
east-west trend represented in the contours.  
 
Discussion 
Channel cluster index maps of depositionally significant stratigraphic intervals 
provide a quantitative means of understanding how amalgamated fluvial sandstones 
are distributed in the Williams Fork Formation in central Mamm Creek Field. The middle 
Williams Fork Formation and Paonia Shale Member are significant stratigraphic 
intervals because of their representation of sinuous, meandering and lower sinuosity 
braided stream sandstone deposition, respectively. Channel cluster indexes are 
calculated in order to illustrate and quantify these changes in channel-fill sandstone 
deposition and amalgamation. In this study, contoured maps indicate preferential 
deposition of channel-fill sandstones that is similar for both stratigraphic intervals, 
which can be applied as an aerial probability constraint to model fluvial sandstone 
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 bodies. Probability maps, whether contoured or discrete, are an additional and 
potentially useful horizontal constraint based on interpreted well data that is commonly 
available. 
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 CHAPTER FIVE 
CONCLUSIONS AND RECOMMENDATIONS 
 
CONCLUSIONS 
 The Williams Fork Formation at central Mamm Creek Field consists of channel 
bars, point bars, crevasse splays, coal, and floodplain deposits that formed in coastal- 
and alluvial-plain environments. Core-to-log comparison of fluvial deposits from the Last 
Dance well located 2.5 mi (4 km) away from the study area, resulted in the identification 
of thickness, lithological, and petrophysical characteristics of the sedimentary deposits 
throughout the Williams Fork Formation. The lower Williams Fork Formation consists of 
point bars, crevasse splays, and abundant coal beds deposited in high-sinuosity 
meandering-river system in alluvial- to coastal-plain settings, and also consists of two 
shallow-to-marginal marine-influenced sandstone and shale units. Fluvial sandstones 
deposited in the middle and upper Williams Fork Formation are channel bars and 
crevasse splays. Channel bars, as opposed to point bars, are interpreted in the upper 
stratigraphic intervals because it is unknown exactly how the fluvial system changes 
from the lower to middle and upper Williams Fork Formation.  
To determine the spatial variability of the fluvial deposits in the Williams Fork 
Formation, detailed lithology and architectural-element logs were generated. Vertical 
proportion curves derived from these logs illustrate the changes of lithology and 
architectural-elements, and net-to-gross ratios throughout the stratigraphic interval. The 
lower Williams Fork Formation is a lower net-to-gross ratio (30-76%) with abundant and 
laterally correlatable coal beds. Coal beds are significant in the southeastern Piceance 
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 Basin as a result of coastal-plain depositional environments and proximity to 
paleoshorelines during the late Cretaceous. The middle Williams Fork Formation has a 
high net-to-gross ratio (50-80%) consisting of abundant channel bars and crevasse 
splays. Lower net-to-gross ratios (15-60%) reflected in vertical proportion curves of the 
upper Williams Fork Formation could be due to a shift to more discontinuous 
sandstones (channel bars and crevasse splays) deposited by anastomosing-to-
meandering streams. 
 Variogram and variogram polar plot analysis of fluvial sandstones of the Williams 
Fork Formation identified directions of maximum continuity of sandstone deposits and 
associated effective porosities. In this study, correlation lengths (ranges) throughout the 
Williams Fork Formation are similar (<200 ft variability), but are relatively short as 
compared to well spacings. Variogram analysis concluded that although there is 
variability in the sandstone bodies from the lower-to-middle-to-upper Williams Fork 
Formation, what ultimately affects continuity of deposits is net-to-gross ratio.  
Static connectivity analysis indicates high percentages (<52%) of sandstones, 
sandstone bodies, and pay for irregular 10-ac well densities (330 ft [100 m] north-south; 
1,320 ft [402 m] west-east) and in high net-to-gross ratio intervals. Results also show 
that connectivity decreases in less dense well configurations (40- and 160-ac; 1,320 ft 
[402 m] and 2,640 ft [805 m]) and lower net-to-gross ratio stratigraphic intervals.  
Static connectivity is also dependent upon original modeling method, where 
indicator-based scenarios are more connected than object-based scenarios. When 
reservoir quality sandstones or calculated pay is taken into consideration, there is an 
overall decrease in static connectivity (4-57% decrease when crevasse splays and 
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 shaley sandstones are excluded; 34-74% decrease when considering only calculated 
pay). The result of static-connectivity analysis incorporating all sandstone deposits 
results in possible “base-case” or overestimated connectivity, while analysis of 
connectivity of pay results in a possible underestimation of static connectivity.   
 
RECOMMENDATIONS 
 The interpretation and evaluation of three-dimensional reservoir models 
commonly results in some degree of inaccuracy. Therefore, additional steps to improve 
and condition stratigraphic and spatial characteristics and trends of fluvial sandstone 
deposits should be taken to further explore and develop the Williams Fork Formation in 
the Piceance Basin. The following statements outline recommendations based on 
previous and current research:  
1. Conduct more outcrop-to-core-to-log analysis, utilizing cored wells and outcrops 
in and around the Mamm Creek Field. This would help to understand, in more 
detail, the change in sedimentology and associated well-log signatures 
throughout the Williams Fork Formation. For example, point-bar deposits may 
have variable log signatures due to mud-clast conglomerates present at the base 
of the channel deposits, as opposed to a strictly fining-upward log signature. 
2. Adopt a more detailed and varied classification scheme for fluvial architectural 
elements for interpreted architectural-element logs, as well as, in field 
observations at outcrop. The lower Williams Fork Formation stratigraphic 
architecture has been interpreted as being depositionally more complex than as 
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 identified in this study with estuarine, bay/lagoonal, and distributary channels, 
among other depositional systems (Shaak, 2010).  
3. Additional petrophysical analysis of fluvial sandstone deposits should be 
conducted to understand the reservoir quality hierarchy of sandstone reservoirs. 
For example, understanding the petrophysical properties and trends within 
crevasse-splay and shaley-sandstone deposits could determine the amount of 
contribution to fluvial sandstone production in the Williams Fork Formation at 
central Mamm Creek Field.  
4. Determine the correlation, if any, between fluvial sandstone body depositional 
environment and productivity through petrophysical models and flow simulations 
to history match production data.  
5. Consider modeling algorithms, such as multipoint statistical simulation, to model 
fluvial sandstone bodies. Preliminary work at outcrop and with core should to be 
conducted, first, to determine changes in fluvial depositional systems throughout 
the Williams Fork Formation to best represent each stratigraphic change in the 
models. Each stratigraphic interval that exhibits different properties (e.g., net to 
gross ratio, stacking patterns, other observations from outcrop [lateral accretion 
surfaces, gravel lags, facies, facies associations, and architectural elements, 
etc.]), requires a unique training image that adequately reflects the interval’s 
corresponding “ideal” depositional model.  
6. Introduce correlations between fracture type, distribution and intensity of each to 
fluvial sandstone body type. Research from Baytok (2010) identifies and 
152
 correlates fracture distribution types and intensities of all fluvial sandstone 
deposits within the Williams Fork Formation at central Mamm Creek Field.  
7. Rescale the 3-D seismic-derived sandstone probability volume to architectural-
element proportions to allow for a spatial constraint for additional object-based 
models.  
8. Perform production history-matched flow-simulations on all modeling scenarios to 
calibrate models as far as net-to-gross sandstone ratios, etc. 
9. More outcrop field work should be done in other areas of the Piceance Basin 
(e.g., eastern and southern margins) for all stratigraphic intervals within the 
Williams Fork Formation to expand upon current sandstone-body dimensional 
statistics. Emphasis should be placed on the amalgamated, higher net-to-gross 
ratio middle-to-upper Williams Fork Formation.  
10. Expand the model area outside of the 2 mi2 (5.2 km2) area, utilizing either 
existing wells or pseudo-wells at varying well densities and perform multiple 
static and dynamic simulations for future development assessments.  
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APPENDIX A 
Available Well Log Data 
 
 
Appendix A contains the available well logs for the 91 wells used in this study. 
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APPENDIX B 
Stratigraphic Horizon Tops 
 
Appendix B contains the 91 wells and interpreted horizon tops from the top Rollins 
Sandstone Member to the top of model. 
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APPENDIX C 
Coal Canyon outcrop statistics from Pranter et al. (2009) 
 
Appendix C contains apparent width (ft) versus thickness (ft) crossplots of lower 
Williams Fork Formation sandstone bodies collected in Coal Canyon through previous 
research by Pranter et al. (2009). Statistics of 668 sandstone bodies were collected 
from field descriptions, GPS waypoints, and a combination of LiDAR, digital 
orthophotography, and ground-based photomosaics.  
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Appendix D 
Last Dance Core Data 
 
Appendix D includes well-log data and location of cored intervals of the Last Dance 
core. 
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Appendix E 
Variogram Analysis 
 
Appendix E contains additional input parameters used to create horizontal experimental 
variograms in the maximum direction of continuity and variogram polar plots. Appendix 
E also contains resultant variogram polar plots of sandstone lithologies and architectural 
elements for all fluvial zones used in this study. 
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Appendix F 
Indicator-Based Simulation 
 
Appendix F contains all input parameters and output histograms for indicator-based 
models. 
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B.#/$(?/$%32-$# @A > ?"9#0&8/. >*> CD>*> E>>*> +>*>
?9/.#;(?/$%32-$# @A > ?"9#0&8/. >*> CD>*> E>>*> +>*>
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Appendix G 
Object-Based Simulation 
 
Appendix G includes all input parameters used in object-based scenarios. 
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!""#$%&'()*+*(,$"-.("/0/1#.#02(340(54/673644%"6/&$("04"#0.8(9/5:;04-%(-2#%(&$(49<#5.7
9/2#%(25#$/0&42*
!"#$%&
'(%
!()$%&
'(%
*+%,(-".
=-%45:>?644%"6/&$ @"A#0&5/6 +BBBB CBBB D EB B
F4/6 @"A#0&5/6 GBBB HBBB I*G EB B
=-%45:>?644%"6/&$ @"A#0&5/6 +BBBB CBBB D EB B
F4/6 @"A#0&5/6 GBBB HBBB I*G EB B
=-%45:>?644%"6/&$ @"A#0&5/6 +BBBB CBBB D EB B
F4/6 @"A#0&5/6 GBBB HBBB I*G EB B
=-%045:>=/0&$#(@A/6# @"A#0&5/6 HBBB +BBB +B EB B
F4/6 @"A#0&5/6 GBBB HBBB I*G EB B
=-%45:>?644%"6/&$ @"A#0&5/6 +BBBB CBBB D EB B
F4/6 @"A#0&5/6 GBBB HBBB I*G EB B
C F4/6 @"A#0&5/6
=-%45:>?644%"6/&$ @"A#0&5/6 +BBBB CBBB D EB B
F4/6 @"A#0&5/6 GBBB HBBB I*G EB B
J F4/6 @"A#0&5/6
=-%45:>?644%"6/&$ @"A#0&5/6 +BBBB CBBB D EB B
F4/6 @"A#0&5/6 GBBB HBBB I*G EB B
+B F4/6 @"A#0&5/6
=-%045:>=/0&$#(@A/6# @"A#0&5/6 HBBB +BBB +B EB B
F4/6 @"A#0&5/6 GBBB HBBB I*G EB B
+D F4/6 @"A#0&5/6
=-%45:>?644%"6/&$ @"A#0&5/6 +BBBB CBBB D EB B
F4/6 @"A#0&5/6 GBBB HBBB I*G EB B
+I F4/6 @"A#0&5/6
=-%45:>?644%"6/&$ @"A#0&5/6 +BBBB CBBB D EB B
F4/6 @"A#0&5/6 GBBB HBBB I*G EB B
/$)+
*"%($0%"1&
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!"#$%&'&#(% )#%("*+#,&- )'./)#%*"'& 0-#12%$33
=>*?= @99&"2#(!(AB/$%2.4$#C 8=DE>E=D =FG*GHEH>>E=>F> *FE*HE*I F*JE==*IE+J*J
=>*?= @99&"2#(K(AB/$%2.4$#C 8=DE>E=D =FG*GHEH>>E=>F> *FE*HE*I F*JE==*IE+J*J
H*F L/$(!(AB/$%2.4$#C 8FHE>EH> H>*=E=JI*GE?>+*D >*?E>*IE=*+ =ED*GE=H
H*F L/$(K(AB/$%2.4$#C =DHE=I>E+F> H>*=E=JI*GE?>+*D >*?E>*IE=*+ =ED*GE=H
=?*?G @99&"2#(!(AB/$%2.4$#C 8=DE>E=D =FG*GHEH>>E=>F> *FE*HE*I F*JE==*IE+J*J
=?*?G @99&"2#(K(AB/$%2.4$#C 8=DE>E=D =FG*GHEH>>E=>F> *FE*HE*I F*JE==*IE+J*J
I*FF L/$(!(AB/$%2.4$#C 8FHE>EH> H>*=E=JI*GE?>+*D >*?E>*IE=*+ =ED*GE=H
I*FF L/$(K(AB/$%2.4$#C =DHE=I>E+F> H>*=E=JI*GE?>+*D >*?E>*IE=*+ =ED*GE=H
=D*>? @99&"2#(!(AB/$%2.4$#C 8H>E>E=+> HH*=E+G>*DE?=I*I >*IE=*>E=*D F*JE==*IE+J*J
=D*>? @99&"2#(K(AB/$%2.4$#C =F>E=I>EF>> HH*=E+G>*DE?=I*I >*IE=*>E=*D F*JE==*IE+J*J
G*>F L/$(!(AB/$%2.4$#C 8FHE>EH> H>*=E=JI*GE?>+*D >*?E>*IE=*+ =ED*GE=H
G*>F L/$(K(AB/$%2.4$#C =DHE=I>E+F> H>*=E=JI*GE?>+*D >*?E>*IE=*+ =ED*GE=H
)'.("*,#" )#%("*,#" 4$"&#1'5
??*HF M/0&$#(B/$%2.4$# B":#0&7/9 F>>> =>>> => J> >
F>*J? M/0&$#(B:/9#2 B":#0&7/9 F>>> =>>> => J> >
+*H= N4/9 B":#0&7/9 H>>> F>>> D*H J> >
=?*II @99&"2#(!(AB/$%2.4$#C 8H>E>E=+> HH*=E+G>*DE?=I*I >*IE=*>E=*D F*JE==*IE+J*J
=?*II @99&"2#(K(AB/$%2.4$#C =F>E=I>EF>> HH*=E+G>*DE?=I*I >*IE=*>E=*D F*JE==*IE+J*J
I*DD L/$(!(AB/$%2.4$#C 8FHE>EH> H>*=E=JI*GE?>+*D >*?E>*IE=*+ =ED*GE=H
I*DD L/$(K(AB/$%2.4$#C =DHE=I>E+F> H>*=E=JI*GE?>+*D >*?E>*IE=*+ =ED*GE=H
? N4/9
=H*DI @99&"2#(!(AB/$%2.4$#C 8H>E>E=+> HH*=E+G>*DE?=I*I >*IE=*>E=*D F*JE==*IE+J*J
=H*DI @99&"2#(K(AB/$%2.4$#C =F>E=I>EF>> HH*=E+G>*DE?=I*I >*IE=*>E=*D F*JE==*IE+J*J
G*GD L/$(!(AB/$%2.4$#C 8FHE>EH> H>*=E=JI*GE?>+*D >*?E>*IE=*+ =ED*GE=H
G*GD L/$(K(AB/$%2.4$#C =DHE=I>E+F> H>*=E=JI*GE?>+*D >*?E>*IE=*+ =ED*GE=H
I N4/9
=F*J? @99&"2#(!(AB/$%2.4$#C 8H>E>E=+> HH*=E+G>*DE?=I*I >*IE=*>E=*D F*JE==*IE+J*J
=F*J? @99&"2#(K(AB/$%2.4$#C =F>E=I>EF>> HH*=E+G>*DE?=I*I >*IE=*>E=*D F*JE==*IE+J*J
?*JI L/$(!(AB/$%2.4$#C 8FHE>EH> H>*=E=JI*GE?>+*D >*?E>*IE=*+ =ED*GE=H
?*JI L/$(K(AB/$%2.4$#C =DHE=I>E+F> H>*=E=JI*GE?>+*D >*?E>*IE=*+ =ED*GE=H
=> N4/9
)'.("*,#" )#%("*,#" 4$"&#1'5
G?*=J M/0&$#(B/$%2.4$# B":#0&7/9 F>>> =>>> => J> >
!!"#$ M/0&$#(B:/9#2 B":#0&7/9 F>>> =>>> => J> >
=*FG N4/9 B":#0&7/9 H>>> F>>> D*H J> >
=+ N4/9
=I*= @99&"2#(!(AB/$%2.4$#C 8H>E>E=+> HH*=E+G>*DE?=I*I >*IE=*>E=*D F*JE==*IE+J*J
=I*= @99&"2#(K(AB/$%2.4$#C =F>E=I>EF>> HH*=E+G>*DE?=I*I >*IE=*>E=*D F*JE==*IE+J*J
J*>H L/$(!(AB/$%2.4$#C 8FHE>EH> H>*=E=JI*GE?>+*D >*?E>*IE=*+ =ED*GE=H
J*>H L/$(K(AB/$%2.4$#C =DHE=I>E+F> H>*=E=JI*GE?>+*D >*?E>*IE=*+ =ED*GE=H
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!""#$%&'()*+*(,$"-.("/0/1#.#02(340(456#7.85/2#%(2&1-9/.&4$(74$2.0/&$#%(.4(0#3&$#%(
9&.:494;<*
!"#$%&'&#(% )#%("*+#,&- )'./)#%*"'& 0-#12%$33
=*>? @99&"2#(!(AB9#/$(C/$%2.4$#D 8E?F>FE? E+G*GHFH>>FE>+> *+F*HF*I +*JFEE*IFKJ*J
=*>? @99&"2#(L(AB9#/$(C/$%2.4$#D 8E?F>FE? E+G*GHFH>>FE>+> *+F*HF*I +*JFEE*IFKJ*J
J*J= M/$(!(AC:/9#<(C/$%2.4$#D 8+HF>FH> H>*EFEJI*GF=>K*? >*=F>*IFE*K EF?*GFEH
J*J= M/$(L(AC:/9#<(C/$%2.4$#D E?HFEI>FK+> H>*EFEJI*GF=>K*? >*=F>*IFE*K EF?*GFEH
E+*E? @99&"2#(!(AB9#/$(C/$%2.4$#D 8E?F>FE? E+G*GHFH>>FE>+> *+F*HF*I +*JFEE*IFKJ*J
E+*E? @99&"2#(L(AB9#/$(C/$%2.4$#D 8E?F>FE? E+G*GHFH>>FE>+> *+F*HF*I +*JFEE*IFKJ*J
EE*J? M/$(!(AC:/9#<(C/$%2.4$#D 8+HF>FH> H>*EFEJI*GF=>K*? >*=F>*IFE*K EF?*GFEH
EE*J? M/$(L(AC:/9#<(C/$%2.4$#D E?HFEI>FK+> H>*EFEJI*GF=>K*? >*=F>*IFE*K EF?*GFEH
G*IJ @99&"2#(!(AB9#/$(C/$%2.4$#D 8H>F>FEK> HH*EFKG>*?F=EI*I >*IFE*>FE*? +*JFEE*IFKJ*J
G*IJ @99&"2#(L(AB9#/$(C/$%2.4$#D E+>FEI>F+>> HH*EFKG>*?F=EI*I >*IFE*>FE*? +*JFEE*IFKJ*J
E+*EG M/$(!(AC:/9#<(C/$%2.4$#D 8+HF>FH> H>*EFEJI*GF=>K*? >*=F>*IFE*K EF?*GFEH
E+*EG M/$(L(AC:/9#<(C/$%2.4$#D E?HFEI>FK+> H>*EFEJI*GF=>K*? >*=F>*IFE*K EF?*GFEH
)'.("*,#" )#%("*,#" 4$"&#1'5
+E*>E AN/0&$#D(B9#/$(C/$%2.4$# C":#0&7/9 +>>> E>>> E> J> >
?K*I+ AN/0&$#D(C:/9#<(C/$%2.4$# C":#0&7/9 +>>> E>>> E> J> >
+E*>E AN/0&$#(C:*D(N-%047O C":#0&7/9 +>>> E>>> E> J> >
+*>+ B4/9 C":#0&7/9 H>>> +>>> ?*H J> >
EE*=J @99&"2#(!(AB9#/$(C/$%2.4$#D 8H>F>FEK> HH*EFKG>*?F=EI*I >*IFE*>FE*? +*JFEE*IFKJ*J
EE*=J @99&"2#(L(AB9#/$(C/$%2.4$#D E+>FEI>F+>> HH*EFKG>*?F=EI*I >*IFE*>FE*? +*JFEE*IFKJ*J
E+*?E M/$(!(AC:/9#<(C/$%2.4$#D 8+HF>FH> H>*EFEJI*GF=>K*? >*=F>*IFE*K EF?*GFEH
E+*?E M/$(L(AC:/9#<(C/$%2.4$#D E?HFEI>FK+> H>*EFEJI*GF=>K*? >*=F>*IFE*K EF?*GFEH
= B4/9
J*HG @99&"2#(!(AB9#/$(C/$%2.4$#D 8H>F>FEK> HH*EFKG>*?F=EI*I >*IFE*>FE*? +*JFEE*IFKJ*J
J*HG @99&"2#(L(AB9#/$(C/$%2.4$#D E+>FEI>F+>> HH*EFKG>*?F=EI*I >*IFE*>FE*? +*JFEE*IFKJ*J
E+*+E M/$(!(AC:/9#<(C/$%2.4$#D 8+HF>FH> H>*EFEJI*GF=>K*? >*=F>*IFE*K EF?*GFEH
E+*+E M/$(L(AC:/9#<(C/$%2.4$#D E?HFEI>FK+> H>*EFEJI*GF=>K*? >*=F>*IFE*K EF?*GFEH
I B4/9
=*I @99&"2#(!(AB9#/$(C/$%2.4$#D 8H>F>FEK> HH*EFKG>*?F=EI*I >*IFE*>FE*? +*JFEE*IFKJ*J
=*I @99&"2#(L(AB9#/$(C/$%2.4$#D E+>FEI>F+>> HH*EFKG>*?F=EI*I >*IFE*>FE*? +*JFEE*IFKJ*J
E?*K= M/$(!(AC:/9#<(C/$%2.4$#D 8+HF>FH> H>*EFEJI*GF=>K*? >*=F>*IFE*K EF?*GFEH
E?*K= M/$(L(AC:/9#<(C/$%2.4$#D E?HFEI>FK+> H>*EFEJI*GF=>K*? >*=F>*IFE*K EF?*GFEH
E> B4/9
)'.("*,#" )#%("*,#" 4$"&#1'5
??*=+ AN/0&$#D(B9#/$(C/$%2.4$# C":#0&7/9 +>>> E>>> E> J> >
+E*E? AN/0&$#D(C:/9#<(C/$%2.4$# C":#0&7/9 +>>> E>>> E> J> >
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Appendix H 
Sequential-Gaussian Simulation 
 
Appendix H includes all input parameters used in sequential-Gaussian simulation 
scenarios, including histograms of input and normally distributed effective porosity 
values. 
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 Appendix I 
Kriged Deep Resistivity 
 
Appendix I includes all input parameters used to krige deep resistivity. 
205
!
"
"
#
$
%
&'
()
*+
*(
)$
"
,
-(
"
.
/.
0
-#
/1
(2
3
/(
4
/&
5
#
%
(%
#
#
"
(/
#
1
&1
-&
6
&-
7
(,
1
#
%
(2
3
/(
-8
#
(9
.
:9
,
:.
-&
3
$
(3
2(
"
.
7*
+
;
3
(9
3
$
%
&-
&3
$
&$
5
(-
3
(2
.
9
&#
1
<
/&
5
&$
5
=
>
>
?
"
8
#
/&
9
.
:
>
*+
@
>
>
>
*>
+
>
>
>
*>
+
>
*>
A
;
3
(9
3
$
%
&-
&3
$
&$
5
(-
3
(2
.
9
&#
1
<
/&
5
&$
5
=
>
>
?
"
8
#
/&
9
.
:
>
*+
@
>
>
>
*>
+
>
>
>
*>
+
>
*>
@
;
3
(9
3
$
%
&-
&3
$
&$
5
(-
3
(2
.
9
&#
1
<
/&
5
&$
5
=
>
>
?
"
8
#
/&
9
.
:
>
*+
@
>
>
>
*>
+
>
>
>
*>
+
>
*>
B
;
3
(9
3
$
%
&-
&3
$
&$
5
(-
3
(2
.
9
&#
1
<
/&
5
&$
5
=
>
>
?
"
8
#
/&
9
.
:
>
*+
@
>
>
>
*>
+
>
>
>
*>
+
>
*>
C
;
3
(9
3
$
%
&-
&3
$
&$
5
(-
3
(2
.
9
&#
1
<
/&
5
&$
5
=
>
>
?
"
8
#
/&
9
.
:
>
*+
@
>
>
>
*>
+
>
>
>
*>
+
>
*>
D
;
3
(9
3
$
%
&-
&3
$
&$
5
(-
3
(2
.
9
&#
1
<
/&
5
&$
5
=
>
>
?
"
8
#
/&
9
.
:
>
*+
@
>
>
>
*>
+
>
>
>
*>
+
>
*>
E
;
3
(9
3
$
%
&-
&3
$
&$
5
(-
3
(2
.
9
&#
1
<
/&
5
&$
5
=
>
>
?
"
8
#
/&
9
.
:
>
*+
@
>
>
>
*>
+
>
>
>
*>
+
>
*>
F
;
3
(9
3
$
%
&-
&3
$
&$
5
(-
3
(2
.
9
&#
1
<
/&
5
&$
5
=
>
>
?
"
8
#
/&
9
.
:
>
*+
@
>
>
>
*>
+
>
>
>
*>
+
>
*>
=
;
3
(9
3
$
%
&-
&3
$
&$
5
(-
3
(2
.
9
&#
1
<
/&
5
&$
5
=
>
>
?
"
8
#
/&
9
.
:
>
*+
@
>
>
>
*>
+
>
>
>
*>
+
>
*>
+
>
;
3
(9
3
$
%
&-
&3
$
&$
5
(-
3
(2
.
9
&#
1
<
/&
5
&$
5
=
>
>
?
"
8
#
/&
9
.
:
>
*+
@
>
>
>
*>
+
>
>
>
*>
+
>
*>
+
+
;
3
(9
3
$
%
&-
&3
$
&$
5
(-
3
(2
.
9
&#
1
<
/&
5
&$
5
=
>
>
?
"
8
#
/&
9
.
:
>
*+
@
>
>
>
*>
+
>
>
>
*>
+
>
*>
+
A
;
3
(9
3
$
%
&-
&3
$
&$
5
(-
3
(2
.
9
&#
1
<
/&
5
&$
5
=
>
>
?
"
8
#
/&
9
.
:
>
*+
@
>
>
>
*>
+
>
>
>
*>
+
>
*>
+
@
;
3
(9
3
$
%
&-
&3
$
&$
5
(-
3
(2
.
9
&#
1
<
/&
5
&$
5
=
>
>
?
"
8
#
/&
9
.
:
>
*+
@
>
>
>
*>
+
>
>
>
*>
+
>
*>
+
B
;
3
(9
3
$
%
&-
&3
$
&$
5
(-
3
(2
.
9
&#
1
<
/&
5
&$
5
=
>
>
?
"
8
#
/&
9
.
:
>
*+
@
>
>
>
*>
+
>
>
>
*>
+
>
*>
+
C
;
3
(9
3
$
%
&-
&3
$
&$
5
(-
3
(2
.
9
&#
1
<
/&
5
&$
5
=
>
>
?
"
8
#
/&
9
.
:
>
*+
@
>
>
>
*>
+
>
>
>
*>
+
>
*>
!
"
#
#
$
%
&
'
()
*+
,
'
-
#
$
+
&
.-
)
*+
,
'
-
#
$
+
/
$
*%
.0
'
1+
,
'
-
#
$
2
)
-
$
3
$
%%
.-
#
4
&
$
%5
)
6
+7
)
*+
8
)
-
$
97
'
0
.$
4
&
'
()
*+
6
.*
:
.;
/
'
*.
)
#
*'
<
+&
)
6
$
1
206
Appendix J 
Channel Cluster Index 
 
Appendix J includes interpreted isolated and amalgamated sandstone bodies, number 
of zones for each, and the calculated channel cluster index for each well in the model 
area. 
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